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Abstract.  The  objective  of  the  contract  was  the  investigation  of  hot  electron  transport 
on  a  microscopic  scale  in  metal-oxide-semiconductor  (MOS)  structures  in  order  to  assess 
intrinsic  transport  properties  in  SiOj  and  defect  generation  processes  that  lead  to  oxide 
failure.  The  technique  used  to  achieve  microscopic  resolution  was  Ballistic  Electron 
Emission  Microscopy  (BEEM),  a  variant  of  the  Scanning  Tunneling  Microscope  (STM). 
In  BEEM,  use  is  made  of  the  nearly  monochromatic  and  highly  forward  focused  electron 
beam  of  the  STM  to  inject  hot  electrons  through  the  thin  metal  "gate"  and  into  the 
conduction  band  of  the  Si02.  The  measured  minimum  electron  energy  required  to 
achieve  injection  and  subsequent  detection  in  the  Si  defines  the  oxide  barrier  potential. 
A  research  highlight  was  the  demonstration  of  image  force  effects  in  electron  transport 
through  MOS  structures.  The  observation  was  made  that  the  oxide  barrier  potential 
decreased  with  the  application  of  an  oxide  field.  This  effect  was  attributed  to  screening 
by  metal  electrons  and  was  described  by  classical  image  force  lowering,  an  often-ignored 
concept  by  the  MOS  science  and  engineering  community.  The  results  led  to  a  new 
"dynamic"  value  for  the  dielectric  constant  of  Si02,  which  was  confirmed  by  theoretical 
modeling  of  the  MOS  transport  process.  Monte  Carlo  simulations  were  made  of  the 
spreading  of  the  beam  as  it  traverses  the  oxide.  The  inclusion  of  image  force  effects 
was  necessary  for  agreement  with  experiment. 

The  objectives  of  oxide  degradation  were  realized  through  electron  trapping  studies 
and  localized  breakdown  attempts.  Two  types  of  oxide  traps  were  observed,  pre-existing 
or  process  induced  and  hot-electron  generated  traps.  The  latter  are  generated  by  hot 
electrons  with  kinetic  energy  exceeding  2  eV  and  are  associated  with  the  breakage  of 
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H-Si  bonds  in  the  oxide.  Through  field  assisted  barrier  changes  it  was  possible  to  de¬ 
termine  the  in-depth  or  profile  of  the  trap  distribution  in  the  oxide.  For  a  7  nm  oxide, 
their  densities  were  in  the  low-to-mid  lO'^/cm^  range,  with  the  pre-existing  traps  located 
near  the  metal  gate  and  the  generated  traps  distributed  over  the  half  space  of  the  oxide 
adjacent  to  the  Si.  Attempts  to  break  down  the  oxide  with  hot  electrons  exceeding  15 
eV  proved  very  difficult.  Breakdowns  following  local  stressing  with  BEEM  were  sel¬ 
dom  observed,  and  only  when  stressing  conditions  far  exceeded  those  reported  on 
samples.  It  ^vas  concluded  that  even  these  cases  ivere  still  dominated  by 
low-density,  randomly  distributed  defects  in  the  oxide. 


I.  Research  Proposal  Summary  and  Objectives 


The  proposal  was  submitted  to  the  Office  of  Naval  Research  in  March  of  1995. 
It  was  granted  to  commence  on  October  10,  1995  and  terminate  on  May  27,  1997. 

The  objective  of  the  proposal  and  its  planned  implementation  were  clearly  stated 
in  the  proposal  summary,  which  is  reproduced  below. 

"This  proposal  seeks  financial  support  for  a  research  initiative  in  the  spatially  re¬ 
solved  transport  properties  of  hot  electrons  injected  into  metal-oxide-semiconductor 
(MOS)  structures.  The  financial  support,  in  the  form  of  a  two-year,  cost-share  contract 
between  the  International  Business  Machines  Corp.  and  the  Office  of  Naval  Research, 
is  to  cover  the  costs  of  a  post-doctoral  scientist  over  the  period  of  the  contract.  The 
proposal  is  rooted  in  a  need  for  understanding  on  a  microscopic  level  the  electron 
transport  properties  through  ultrathin  (<100  A)  oxides  that  are  being  considered  for  fu¬ 
ture  generations  of  integrated  circuits  based  on  MOS  technology.  For  this  reason  the 
proposal  stresses  the  use  of  device-quality  oxides  thermally  grown  on  Si  at  an  IBM 
wafer  processing  facility.  The  technical  program  proposes  that  a  scanning  tunnel  mi¬ 
croscope  (STM)  be  used  to  inject  hot  electrons  into  MOS  structures.  A  special  imple¬ 
mentation  of  the  STM,  known  as  ballistic  electron  emission  microscopy  or  BEEM, 
permits  control  of  the  kinetic  energy  of  the  injected  electrons,  which  also  exhibit 
quasi-monochromatic  energy  distributions.  These  properties  of  BEEM,  combined  with 
the  inherent  control  over  the  electric  field  across  the  oxide,  suggest  a  potentially  unique 
tool  to  investigate  transport  properties  through  oxide  layers,  including  the  role  of  defects 
in  the  oxide,  at  spatial  resolutions  approaching  atomic  dimensions.  The  proposed  work 
addresses  three  topic:  1)  an  investigation  of  the  fundamental  hot  electron  transport 
processes  across  MOS  structures  for  electron  injection  with  an  STM  tip,  2)  the  detection 
and  imaging  of  individual  electron  trap  states  in  the  oxide,  their  generation  character¬ 
istics  through  impact  with  energetic  electrons,  and  the  dynamics  of  electron  trapping  and 
detrapping,  and  3)  an  evaluation  of  the  BEEM  technique  as  a  new  diagnostic  tool  to 
quantify  process-dependent  oxide  properties  and  oxide  quality." 

The  Research  Objectives  were  stated  as  follows; 
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1)  Intrinsic  transport  properties  of  Si02: 

Investigations  of  the  energy  and  field  dependent  processes  underlying 
BEEM-mediated  electron  transport  issues  in  MOS  structures  are  proposed,  with  the 
purpose  of  enhancing  the  understanding  of  fundamental  physical  concepts  from  a  new 
and  often  advantageous  perspective. 

2)  Defect  related  phenomena  in  SiO:.* 

Investigations  of  local  distributions  of  charged  defects  are  proposed.  Defects  in¬ 
herent  to  the  as-grown  oxide  and  those  induced  through  in-situ  electrical  stressing  of  the 
MOS  structure  will  be  studied,  with  the  purpose  of  understanding  the  origin,  densities 
and  mode  of  generation  of  defects  and  traps  in  Si02. 

3)  Si02  process  diagnostics 

A  study  of  process  related  defect  generation  will  be  undertaken  with  the  purpose 
of  determining  the  feasibility  of  using  the  technique  as  a  viable  tool  to  characterize 
oxides  for  technical  purposes. 

The  objectives  will  be  used  as  a  guide  to  describe  the  progress  achieved  during  the 
grant  period. 


Research  Accomplishments  during  Grant  Period 


1)  Intrinsic  transport  properties  of  Si02: 

In  Imape  Force  Effects  (details  in  appendices  3  and  4) 

As  an  electron  passes  from  the  metal  gate  of  a  Metal-Oxide-Semiconductor  (MOS) 
structure  into  the  oxide,  its  potential  energy  is  modified  by  the  charge  imbalance  it  in¬ 
duces  in  the  metal.  This  charge  modification  is  positive  (attractive),  and  represents  a 
response  by  the  metal  to  screen  the  electric  field  set  up  by  the  moving  electron  in  the 
oxide.  This  screening  is  described  well  by  the  classical  concept  of  an  image  charge 
placed  in  the  metal  at  a  distance  equal  to  that  of  the  electron  on  the  oxide  side  of  the 
interface.  The  effect  of  the  attractive  force  is  to  lower  the  potential  sensed  by  the 
electron.  This  so-called  image  force  lowering  was  already  observed  in  MOS  structures 
over  30  years  ago  by  internal  photoemission  spectroscopy.'"^  Its  presence,  however, 
was  generally  ignored  by  almost  all  researchers  in  MOS  transport  studies.  Consequently 
image  force  effects  remains  a  controversial  subject  in  oxide  transport. 

Since  BEES  measures  directly  the  threshold  energy  between  the  Fermi  level  of  the 
metal  and  the  conduction  band  minimum  of  the  Si02,  it  is  thus  an  ideal  tool  to  measure 
the  Schottky  effect,  which  is  the  combined  effect  of  the  image  force  of  the  electron  in 
the  vicinity  of  the  metal-oxide  interface  and  that  of  an  applied  oxide  field  Vo*.  This 
effect  was  observed  with  BEES  in  one  of  the  earlier  studies  supported  by  the  ONR 
grant.4  Classical  image  force  theory  predicts  that  the  lowering  of  the  threshold  5eVo  is 
given  by  [Vox/47lSo8oxtox]''^  where  8o  and  8ox  are,  respectively,  the  permittivity  of  vacuum 
and  the  effective  dielectric  constant  of  the  oxide  sensed  by  a  moving  charge.  The  latter 
has  been  assumed  to  be  represented  by  the  optic  dielectric  constant,  given  by  8op=2.15, 
that  was  measured  using  the  indirect  and  model  dependent  internal  photoemission 
method.2  xhe  value  of  8ox  obtained  with  BEES  is  2.74,5  and  lies  in-between  the  limits 
of  Eop=2.15  and  the  static  dielectric  constant  8s=3.9.  This  conflicting  result  was  the 
motivation  for  a  theoretical  investigation  of  the  dynamic  response  of  a  dielectric  to  a 
moving  charge  in  the  vicinity  of  a  metal  interface,  an  issue  of  basic  interest  and  practical 
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consequences.  The  BEES  experiment  was  modeled  within  the  framework  of  classical 
dielectric  response  theory,  that  included  electron-phonon  interactions.^  A  value  eox=2.69, 
close  to  the  experimental  value  of  2.74  was  calculated.^  It  was  concluded  that  the  dy¬ 
namic  response  is  not  determined  by  the  transit  time  of  the  electron  to  reach  the  potential 
maximum,  as  previously  suggested,^  but  rather  by  the  nearly  field  independent  mean 
velocity  of  the  electron  between  the  metal  interface  and  the  potential  maximum.  Con¬ 
sequently  phonon  effects  cannot  be  ignored  and  arguments  for  an  optical  dielectric  value 
based  solely  on  the  short  transit  time  to  reach  the  potential  maximum  are  too  crude. 
The  new  value  for  8ox  should  have  impact  on  transport  modeling  issues,  for  which  the 
optic  value  was  used  up  to  the  present. 

The  observed  lowering  of  the  BEEM  threshold  with  increasing  oxide  field  has  been 
frequently  criticized  as  due  to  tunneling.  To  dispel  this  possibility,  WKB  calculations 
of  the  tunneling  probabilities  were  performed  as  a  function  of  the  oxide  field.  The  re¬ 
sults  do  not  show  the  linear  dependence  of  the  threshold  shifts  on  the  square  root  of  the 
oxide  potential,  from  which  it  was  concluded  that  direct  tunneling  effects  are  negligible 
in  field  assisted  BEEM  on  MOS  structures. 

Ih  Monte  Cnrln  Simulations  (details  in  appendices  2  and  8) 

Theoretical  modeling  of  electron  transport  across  MOS  structures  to  simulate 
BEEM  was  accomplished  by  integrating  the  Boltzmann  equation  using  Monte  Carlo 
techniques  that  incorporate  energy  dependent  effective  masses  and  energy  dependent 
electron-phonon  scattering  rates.^  •  In  these  studies  the  energy  dependent  transmission 
probability  for  an  electron  to  traverse  the  Si02  layer  and  reach  the  Si  was  calculated  and 
compared  to  BEEM-derived  results.  For  agreement  with  experiment,  the  electrons’  angle 
of  injection  in  the  Monte  Carlo  simulations  needed  to  be  distributed  isotropically,  that 
is,  all  angles  were  equally  possible.  This  assumption  appeared  to  be  counter  intuitive, 
as  experimentally  the  electrons  approached  the  interface  at  normal  angles.  The  latter 
geometry  requires  an  additional  scattering  channel  in  the  oxide  in  order  to  make  simu¬ 
lations  and  experiment  agree.  Such  additional  scattering  channel  was  not  envisioned 
until  the  importance  of  the  image  force  induced  band  bending  at  the  metal-oxide  inter- 
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face  was  realized.  An  isotropic  distribution  did  not  arise  from  a  lack  of  interfacial  co¬ 
herence,  as  previously  speculated,  but  rather  from  additional  electron-phonon  scattering 
in  the  image  force  region  of  the  oxide.  In  this  region  an  electron  injected  with  energy 
just  sufficient  to  overcome  the  barrier  will  nevertheless  experience  large  kinetic  energies 
due  to  the  rapidly  downward-bending  conduction  band  at  the  metal  interface.  Since  the 
randomizing  acoustic  phonon  scattering  is  strongly  energy  dependent,  with  a  maximum 
scattering  rate  for  electrons  at  kinetic  energies  near  2  eV,^  many  electrons  are  scattered 
back  into  the  metal,  even  though  their  energy  relative  to  the  barrier  maximum  is  small. 
This  added  scattering  channel  strongly  suppresses  the  transmission  probabilities  at  low 
kinetic  energies,  a  conclusion  that  is  supported  by  the  agreement  between  BEEM  results 
and  Monte  Carlo  simulations  that  included  image  force  effects  and  injection  normal  to 
the  interface.^  Our  findings  thus  demonstrate  the  necessity  of  including  image  force 
effects  in  order  to  properly  simulate  electron  transport  across  MOS  structures. 

With  knowledge  of  the  necessity  for  proper  boundary  conditions  in  Monte  Carlo 
simulations,  we  proceeded  to  calculate  the  spread  of  the  electron  beam  due  to  electron- 
phonon  scattering  as  it  reaches  the  oxide-silicon  interface. 'O  The  beam  spread  must  be 
known  to  determine  the  lateral  resolution  of  BEEM,  as  well  as  to  assess  the  current 
density  and  injected  charge  density  at  the  interface  following  electric  stressing.  The 
calculation  were  made  for  low  energies  typically  encountered  for  threshold  determi¬ 
nations  and  for  energies  typically  used  during  electric  stress  measurements  of  oxide 
samples.  For  the  low  energies  that  correspond  to  tip  biases  in  the  4-5  V  range,  the 
electrons  traverse  the  oxide  with  little  scattering  (ballistic),  so  that  even  for  a  7nm  oxides 
the  BEEM  spread,  and  hence  resolution,  is  better  than  1  nm.  In  contrast,  for  electrons 
with  energies  of  4  eV  or  larger  (tip  biases  ~10  V),  the  spread  for  a  3.8  and  a  7.6  nm 
oxide  at  the  Si  interface  cover  an  area  with  diameters  of  ~6  and  ~12  nm, 
respectively. '  °  These  simulation  demonstrate  that  threshold  determinations,  which  are 
very  sensitive  to  oxide  charge,  are  achievable  under  optimal  resolution  conditions.  As 
will  be  discussed  in  the  next  section,  this  attribute  of  BEEM  will  be  used  to  estimate  the 
local  fluctuations  in  the  density  of  trapped  electrons  in  the  oxide. 
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2)  Defect  related  phenomena  in  SiOi: 


2a.  Trap  veneration  and  trapped  charse  profiling:  (details  in  appendices  5,6  and  7) 

Trap  generation  and  measurements  of  the  trapped  charge  density  are  routine  pro¬ 
cedures  in  oxide  studies  using  standard  capacitance-voltage  and  current-voltage  methods. 
However,  it  has  not  been  possible  in  the  past  to  determine  the  in-depth  distribution  or 
charge  density  profile  across  the  oxide.  Using  conventional  techniques  only  the  centroid 
of  the  charge  distribution  was  obtained.”  BEEM,  however,  measures  directly  the  po¬ 
tential  maximum  of  the  trapped  charge  distribution.  From  the  changes  in  the  potential 
induced  by  varying  the  applied  oxide  bias  we  were  able  to  determine  the  trapped  charge 
distribution  that  modifies  the  oxide  potential.'-  '^ 

Capture  of  injected  electrons  at  trap  sites  in  the  oxide  was  studied  on  a  local  scale 
as  a  function  of  both  the  energy  of  injected  electrons  and  applied  oxide  bias.  It  was 
generally  observed  that  the  first  measured  BEEM  spectrum  on  a  virgin  portion  of  the 
MOS  surface  exhibited  the  lowest  threshold  in  an  array  of  spectra  taken  over  a  25x25 
nm^  area.  This  threshold,  whose  value  is  4  eV,  corresponds  to  the  intrinsic  barrier  height 
between  the  Fermi  level  of  the  metal  and  the  conduction  band  minimum  of  the  Si02, 
and  represents  an  essentially  charge  free  region  of  the  oxide.  Once  scanned,  the 
thresholds  in  the  scanned  area  increased,  a  clear  indication  that  local  electron  trapping 
occurred  as  part  of  the  measurement.  The  increases  were  observed  at  sampling  locations 
as  far  as  5-10  nm  away  from  the  initial  injection  point,  and  are  the  consequence  of 
trapped  electrons  scattered  to  distant  sites  as  the  beam  spreads  in  its  progress  toward  the 
Si  substrate.  This  notion  is  supported  by  the  Monte-Carlo  calculations  of  the  beam 
spread  discussed  in  section  1.1b  above.  When  the  kinetic  energy  of  the  injected 
electrons  in  the  oxide  E^n  remained  below  2  eV  (this  corresponds  to  a  tip  bias  Vt<6  V 
and  no  applied  oxide  bias),  the  threshold  shifts  ceased  after  a  few  spectral  scans,  which 
indicates  a  saturation  of  the  trap  filling  process.  It  was  concluded  that  these  trap  states 
could  not  be  generated  by  the  injection  process,  and  therefore  their  origin  must  have 
pre-existed  the  measurement.  In  contrast  for  hotter  injected  electrons,  i.e.  those  with 
Ekin>2  eV,  additional  threshold  shifts  of  several  eV  were  observed.  These  shifts,  which 
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also  ceased  to  change  after  repeatedly  scanning  the  sampling  area,  are  attributed  to  the 
capture  of  additional  electrons  at  newly  created  trap  sites.  The  energy  threshold  of  2 
eV  required  for  their  creation  agrees  with  that  associated  with  the  breakage  of  Si-H 
bonds  in  the  oxide, to  which  we  tentatively  assign  the  newly  observed  traps. 

The  distribution  of  the  traps  across  the  oxide  has  not  been  possible  to  obtain  by 
conventional  I-V  or  C-V  techniques.  With  BEEM,  however,  it  is  possible  to  measure 
the  potential  maximum  and  its  variation  with  applied  oxide  bias,  from  which  the  filled 
trap  distribution  can  be  obtained  through  modeling. '2  In  the  model  the  trapped  charge 
is  represented  by  a  series  of  sheet  charges  parallel  to  the  interfaces,  whose  influence  on 
the  potential  must  be  considered  through  appropriate  boundary  conditions.  The  positions 
and  strengths  (charge  densities)  of  the  sheet  charges  are  adjusted  until  the  field  de¬ 
pendence  of  the  potential  maximum  arising  from  the  combination  of  sheet  charges,  ap¬ 
plied  oxide  bias  and  image  force  effects  matches  the  field  dependence  of  the  observed 
threshold  shifts.  This  modeling  methodology  revealed  that  for  a  7  nm  oxide  the  pre¬ 
existing  defeets  were  located  within  ~3  nm  of  the  gate  metal,  and  the  generated  defects 
were  distributed  predominantly  within  4  nm  of  the  oxide-Si  interface.  Their  eharge 
densities  are  in  the  range  of  l-4xl0'3/cm2.  An  important  conclusion  was  the  realization 
that  the  distribution  of  the  pre-exisiting  defects  was  not  affected  by  the  generation  of 
new  defects.  This  observation  is  possible  because  the  two  types  of  traps  are  spatially 
separated,  and  indicates  that  the  more  energetic  electrons  do  not  create  new  defects  in 
the  vicinity  of  the  metal  gate. 

2b.  Oxide  stressing  and  breakdown  studies  (details  in  appendices  2  and  5) 

The  salient  conclusion  of  our  studies  is  that  stressing  an  oxide  layer  locally  by  in¬ 
jecting  hot  electrons  with  an  STM  in  a  BEEM  experiment  seldom  leads  to  a  destructive 
breakdown  of  the  oxide.  In  the  few  cases  when  a  breakdown  occurs,  the  net  injected 
charge,  commonly  referred  to  as  charge-to-breakdown  or  Qbd,  is  orders  of  magnitude 
larger  than  the  best  values  reported  for  macroscopic  size  MOS  structures  stressed 
through  Fowler-Nordheim  (F-N)  injection.'^  Most  of  the  successful  breakdown  exper¬ 
iments  were  performed  on  3.8  nm  oxides.  The  electrical  stressing  experiments  are  per- 
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formed  by  placing  the  tip  of  the  STM  at  a  specific  point  on  the  surface,  or  by  scanning 
a  small  area  (typically  25x25  nm^)  and  interrupting  the  scans  at  points  that  are  part  of 
a  pre-selected  pattern.  Once  the  tip  is  at  the  designated  point,  the  tip  bias  Vt  is  set  to 
a  predetermined  large  value  (in  the  range  of  7-10  V)  and  the  collector  current  is  inte¬ 
grated  to  determine  the  charge  injected  locally  into  the  oxide.  The  injection  process  is 
interrupted  periodically  to  measure  the  threshold  changes.  These  increase  initially  and 
reaches  a  plateau,  a  process  that  corresponds  to  a  trap  generation  and  filling  process 
analogous  to  that  discussed  in  section  2a.  It  was  observed  that  if  the  stressing  proceeds 
toward  an  eventual  breakdown,  the  thresholds  begin  to  decrease  again,  a  process  that  is 
accompanied  by  an  increase  in  the  overall  collector  current.  This  second  stage  of 
stressing  was  referred  to  as  the  pre-breakdown  stage.'®  It  was  proposed  that  this  stage 
consists  of  a  gradual  collapse  of  the  oxide  barrier.  This  process  consists  of  the  deteri¬ 
oration  of  the  oxide  that  starts  at  the  0-S  interface  and  leads  to  the  formation  of  regions 
of  finite  conductivity.  Additional  stressing  quickly  led  to  a  threshold  of  only  1  eV, 
which  was  interpreted  as  due  to  a  total  collapse  of  the  oxide  barrier.  This  stage  was 
termed  the  breakdown  stage,  with  the  net  collector  current  integrated  to  a  time  just  prior 
to  the  collapse  defining  Qbd- 

BEEM  stressing  results  are  compared  to  "best-of-breed"  Qbd's  obtained  by  F-N 
stressing  in  Fig.  1.  The  latter  are  depicted  by  open  symbols  and  lines  in  Fig.  1.'^  In 
order  to  compare  the  data,  the  energies  of  electrons  in  the  BEEM  Qbd's  have  to  be  con¬ 
verted  to  electric  fields  that  in  a  F-N  injection  process  would  field-accelerate  the 
electrons  to  energy  values  at  the  anode  equivalent  to  those  used  in  BEEM.  This  con¬ 
version  assumes  that  the  breakdown  process  depends  predominantly  on  the  energy  of  the 
electrons,  and  not  on  the  field.  The  results  of  our  breakdown  studies  are  shown  by  the 
solid  points  on  the  right  of  Fig.  1.  A  stress  experiment  that  led  to  no  breakdown  is 
shown  by  an  open  circle.  In  order  to  calculate  the  charge  density,  we  used  Monte-Carlo 
simulation  to  calculate  the  area  (spread)  of  the  electron  beam  at  the  0-S  interface,  as 
discussed  in  section  lb,  above.  It  is  obvious  by  looking  at  Fig.  1  that  the  BEEM  initiated 
local  breakdowns,  when  they  occur,  lie  appreciably  above  an  extrapolated  curve  of  data 
obtained  in  a  conventional,  large  area  stressing  experiment.  The  latter  results  were 
thought  to  be  limited  by  "intrinsic"  properties  of  the  oxide.  Our  results  clearly  con- 
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Fig.  1.  Charge-to-breakdown  comparisons  between  BEEM-stressed  oxides  and 
Fowler-Nordheim  stressed  MOS  samples.  The  latter  were  obtained  by  Schuegraf 
and  Hu,  ref.  18,  and  are  shown  as  solid  curves  through  open  symbols  at  the  left. 
The  filled  circles  represent  BEEM  breakdown  results,  whereas  the  open  circles 
represent  extreme  BEEM  stressing  results  without  reaching  breakdown.  The 
electron  energies  used  in  BEEM  were  converted  to  an  oxide  field  required  to 
achieve  equivalent  energies  at  the  cathode  in  a  Fowler-Nordheim  experiment. 


tradict  this  view,  indicating  instead  that  an  intrinsic  limit  has  not  yet  been  reached  and 

that  even  in  our  case  breakdowns  are  still  limited  by  randomly  distributed 
defects/impurites  of  unknown  origin. 

In  recent,  yet  to-be-published  studies,  we  investigated  the  roles  of  both  trap  densi¬ 
ties  and  electric  fields  on  breakdown.  The  field  dependent  stressing  was  motivated  by 
the  difficulty  of  achieving  breakdowns  without  the  application  of  an  oxide  bias 
Stressing  in  areas  of  known  high  densities  of  generated  traps  (~I0'  Vcm2)  did  not  result 
in  breakdowns.  Similar  results  were  obtained  by  extensive  stressing  with  the  combina¬ 
tion  of  high  oxide  fields  and  energetic  electrons  at  a  point  on  the  sample  after  tip  drifts 
were  nearly  negligible.  The  injected  charge  densities  as  a  function  of  the  F-N  equivalent 
oxide  fields  of  this  stressing  sequence  are  shown  by  open  circles  in  Fig  i  for  progres 
sively  higher  stressing  conditions  at  the  same  point.  Because  of  some  drift  the  charge 
densities  should  not  be  added.  We  see  no  evidence  that  fields  of  up  to  9  MV/cm  in 
fluence  breakdowns  in  our  BEEM  experiments.  The  failure  to  achieve  breakdowns  leads 
one  to  question  much  of  the  conventional  wisdom  of  the  roles  of  process  induced  and 
hydrogen-related  defects  in  breakdown.  Clearly  the  observed  densities  are  insufficient 
to  provide  connectivity  across  the  oxide,  which,  if  necessary, suggests  the  presence 
of  small,  statistically  distributed  regions  of  very  high  trap  densities.  Alternatively  the 
observed  defects  may  be  necessary  but  not  sufficient  to  cause  breakdown,  with  as  yet 
unidentified  new  defects  activating  the  breakdown  process. 


3)  Si02  process  diagnostics 

With  the  exception  of  the  process  induced  trap  formation  attributed  lo  metallization 
which  was  discussed  in  Section  2  above,  no  additional  studies  in  this  topic  were  at 
tempted. 
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Appendix  1 


SPATIALLY  AND  ENERGY  RESOLVED  HOT  ELECTRON  TRANSPORT 
THROUGH  METAL-OXIDE-SILICON  STRUCTURES 

R.  Ludeke,  E.  Cartier  and  HJ.  Wen 

IBM  T.J.  Watson  Research  Center,  P.O.  Box  218,  Yorktown  Heights  NY,  10598 


The  tip  of  a  scanning  tunneling  microscope  was  used  to  inject  hot 
electrons  into  thin  Pd  layers  of  Pd-Si02-Si  structures  incorporat¬ 
ing  75-150  A  thermally  grown  oxides.  The  collector  currents  em¬ 
anating  from  the  n-type  Si(IOO)  substrates  for  tip  biases  Vt>4  V 
were  measured  as  a  function  of  eVj  (electron  energy)  for  different 
oxide  biases  Vox  applied  independently  across  the  oxide  layers. 
Threshold  shifts  with  increasing  positive  Vox  were  observed  for 
the  first  time  and  are  attributed  to  image  force  lowering  of  the 
oxide  potential  near  the  metal-oxide  interface.  The  shifts  agree 
well  with  those  predicted  by  classical  image  force  theory  A  zero 
field  threshold  energy  of  3.99  +0.02  eV  for  the  Pd-SiO^  interface 
was  deduced.  Image  force  effects  were  also  incorporated  into 
Monte  Carlo  calculations  of  the  energy  dependent  electron 
transmission  probability  Tox  across  a  150  A  oxide.  Favorable 
comparisons  with  experiment  are  observed. 


INTRODUCTION 


reliability  of  modern  metal-oxide-semiconductor 
(MOS)  devices  are  ultimately  dependent  on  the  electronic  properties  of  the 
oxide,  specifically  SiOj,  and  its  interfaces  with  the  Si  and  the  gate  metal.  These 
properties  may  be  loosely  divided  into  intrinsic  properties,  such  as  electron- 
phonon  scattering  rates  and  impact  ionization  cross  sections  and  extrinsic 
properties,  such  as  electric  breakdown  characteristics,  that  are  determined  bv 
defects  and  impurities  in  the  SiO^  bulk  or  at  its  interfaces  The  oresenl 
understanding  of  the  electronic  properties  of.SiOj,  which  have  been  the  sub¬ 
ject  of  intensive  studies  for  well  over  two  decades,  are  largely  based  on 
studies  on  MOS  capacitor  structures  with  techniques  such  as  Merna\ 
photoemission  (1),  avalanche  injection  (2),  and  photoemission  into  vacuum  (3L 
These  results  represent  properties,  typically  averaged  over  samolina  areas 
0.01  to  1  nnmMhat  do  not  necessarily  reflect  sample  varla.lons  on  a®  J°o 
scopic  scale.  Further  shortcomings  of  the  standard  electron  Injection  tech¬ 
niques,  including  Fowler-Nordheim  (F-N)  tunneling,  are  the  high  oxide  Ss 
required  to  energize  the  injected  electrons.  The  high  fields  resufis  in  a  position 
dependent  kinetic  energy  distribution  of  the  electrons  as  they  cross  the  SiO 

determinations  of  energy  dependent  properties 
(4).  The  achievement  of  energetic  electrons  through  field  acceleration  also 
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becomes  increasingly  difficult  for  oxide  thicknesses  toK<100  A,  the  thickness 
reoime  for  future  VLSI  applications.  Additional  drawbacks  of  some  injection 
techniques,  such  as  photo-excitation  and  avalanche  injection,  is  an  unavoid¬ 
able  broad  energy  distribution  of  the  electrons  entering  the  oxide. 


As  device  dimensions  shrink,  local  fluctuations  in  material  properties  be¬ 
come  increasingly  influential,  and  measured  properties  averaged  over 
macroscopic  dimensions  become  less  relevant  at  predicting  device  perform¬ 
ance  and  reliability.  Hence  a  need  exists  and  a  trend  is  emerging  to  investi- 
nate  material  issues  of  thin  SiOj/Si  layers  on  a  microscopic  scale.  The  use  of 
an  atomic  force  microscope  (AFM)  to  investigate  "vertical  transport  issues 
across  thin  SiOz  layers  has  recently  been  reported  (5-7),  as  well  as  transport 
Studies  using  a  scanning  tunneling  microscope  (STM)  (8,9),  in  a  configuration 
called  Ballistic  Electron  Emission  Microscopy  (BEEM)  (10).  Whereas  the  AFM 
studies  were  performed  directly  on  the  oxide  using  a  conducting, 
cantilever/stylus,  BEEM  requires  the  use  of  an  MOS  structure  in  order  to  vary 
the  energy  of  the  electrons  injected  by  the  STM  tip.  Investigations  of  MOS 
structures  with  BEEM  have  several  inherent  advantages: 

i)  the  energy  of  electrons  injected  into  the  Si02  conduction  band  cari  be  arbi¬ 
trarily  selected  and  independently  modified  by  adjusting  the  oxide  bias, 
thereby  Increasing  the  accessible  energy  range  and  enhancing  experimental 

i'irtransport  studies  are  not  limited  by  oxide  thickness  (150  A  device-grade 
oxides  have  been  investigated):  and 

iii)  the  transport  phenomena  relevant  to  oxide  physics  and  technology  occur 
over  a  broad  energy  range  (~0-20  V)  that  is  readily  accessible  with  BEEM. 


We  present  here  the  results  of  a  BEEM  investigation  of  MOS  structures  com- 
Dosed  of  thin  Pd  layers  deposited  on  75-150  A  thick  device  grade  oxides 
thermslly  grown  on  Si(IOO)  wafers.  From  the  spectroscopic  data,  that  is  the 
collector  current  U  emanating  from  the  Si  substrate  as  a  function  of  tip  bias 
V  we  derive  the  energy  dependent  transmission  probability  of  electrons 
through  oxide  layers,  which  we  compare  with  the  probabilities  calculated  by 
Monte  Carlo  methods.  The  results  give  unique  insights  into  the  role  of  the 
different  electron-phonon  scattering  mechanisms.  A  novel  aspect  of  the  work 
reported  here  is  the  demonstration  that  the  oxide' field  plays  a  dominant  role 
in  the  injection  process.  The  most  striking  observation  is  a  lowering  of  the 
injection  threshold  with  increasing  oxide  field,  which  is  well  accounted  for  by 
clUsIcal  image  force  lowering  of  the  potential  step  (barrier)  between  the  Fermi 
level  in  the  metal  and  bottom  of  the  SiOj  conduction  band  at  the  metal-oxide 

interface. 
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EXPERIMENTAL  DETAILS 


p^iiictir  Flf-r.tron  Emission  Microscopy  (BEEM] 


BEEM  is  an  STM-based  microscopy/spectroscopy  that  differs  from  the 
conventional  STM  mode  by  the  presence  of  a  thin  metal  electrode  overlying 
thp  semiconductor  structure  to  be  measured.  The  sole  purpose  of  this 
electrode  is  to  supply  a  conductive  ground  plane  relative  to  which  the  STM  tip 
u  hiesed  The  tip  bias  Vt  thus  determines  the  energy  eVr  of  the  electrons  in- 
L^ed  into  the  metal  surface  by  the  STM  tip.  Provided  that  the  metal  film 
Ihirkness  is  of  the  order  of  the  electron  scattering  length  in  the  metal,  or  pref- 
Irably  much  less,  most  of  the  electrons  will  traverse  the  metal  ballistically  to 
reach  the  far  interface.  If  a  potential  barrier  exist  at  that  interface,  the 
electrons  will  backscatter  unless  their  energy  eVr  exceeds  the  barrier  height, 
^mditionallv  that  barrier  was  a  Schottky  contact,  but  may  also  be  one  arising 

r.a  dialLrlc  contacts,  such  as  Au-CaF,  (It),  or  Pt-SiO,  (8,9  ,  overlying 
L  4i  substrate  A  fraction  of  the  electrons  with  sufficient  energy  will  overcome 
the  barrier  and  be  collected  in  the  semiconductor  in  the  form  of  a  collector 
rnrrent  I  The  STM  Is  generally  operated  in  the  constant  tunneling  current 
mode  In  addition  to  the  conventional  STM  microscopy  mode  that  provides  the 
Surface  topography,  the  collector  current  L  can  also  be  used  to  simultaneously 
aenerate  a  second  image  (the  BEEM  image)  that  represents  the  local  trans¬ 
mission  characteristics  of  the  semiconductor  structure.  In  the  spectroscopy 
mode  of  BEEM  the  rastering  Is  stopped  and  U  is  measured  as  Vj  is  ramped 
over  a  range  that  includes  the  barrier  potential.  Thus  initially  U  is  zero  unti 
Vt  exceeds  a  threshold  value  Vo  that  represent  the  effective  barrier  potential 
of  the  device  structure. 

The  energy  diagram  for  a  BEEM  experiment  on  a  MOS  structure  is  sche¬ 
matically  shown  in  Fig.  1.  The  condition  for  injection  into  the  conduction  band 
of  the  SiOa  is  shown  (Vt>Vo).  The  threshold  foj  injection  Vo 's  about  4  V.  In 
our  instrument  a  maximum  value  . of  Vt-13  V  can  be  achieved,  which  corre¬ 
sponds  to  a  kinetic  energy  E..o~9  eV  for  the  hottest  injected  carriers  relative 
to  the  conduction  band  minimum  of  the  S1O2.  To  achieve  similar  energies  by 
F-N  injection  into  a  5  nm  SiO^  layer  would  require  an  electric  field  of  18  MV. 
Electric  fields  can  also  be  applied  in  the  BEEM  experiments  to  further  modify 
the  electron  energies.  An  accelerating  field  (Si  substrate  positive  relative  to 
the  metal)  supplied  by  the  bias  potential  Vt  is  illustrated  in  Fig.  1.  This  poten¬ 
tial  is  divided  between  band  bending  in  the  Si  (shown  here  in  the  inversion 
conditions)  and  the  potential  V..  across  the  oxide  (9).  Also  shown  is  an  expo¬ 
nential  function  fr  that  represents  the  energy  distribution  of  electrons  injected 
by  the  STM  tip.  f,  becomes  narrower  with  increasing  tip  bias  Vt,  exhibiting  for 
example  a  theoretical  full  width  at  half  maximum  of  -0.150  eV  at  Vt-6  V  (12). 
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This  energy  spread  is  sufflclently  monochromatic  for  characterizing  most  hot 
electron  phenomena  in  oxides. 

Sample  Preparatio_n 

c-r>  lawpre;  were  thermally  grown  near  800  °C  in  dry  oxygen  on 
Device-grade  S1O2  layers  we  cm-^*  range.  No  additional  treat- 

125  mm  Si(100)  wafers  doped  mthe^  ^cm^^  thicknesses  for  the  studies 

ments  were  ®  75  to  ^50  A  Approximately  8x15  mm2  samples 

reported  ^ere  ranged  fro^mTM^^^  ^,3^. 

were  cleaved  fr  vacuum  (UHV)  BEEM/surface  analysis  system.  Pd  dots, 
ber  of  our  ultra-high  va  evaporated  onto  the  SIO2  through  a 

02  mm  in  morphology  of  the  thin  (~35  A) 

shadow  mask.  In  of^^er  to  substrate  to  near  30  K  during  deposition. 

Pd  films  It  was  necessajy  m  cjl  80  A  in  diameter 

This  process  pro  valleys.  A  smooth  surface  morphology  is 

that  protruded  ^  dppm  imaoe  contrast  arising  from  the  surface  topography 

needed  •»  ™d  =  amptwl  allowed  to  warm  up  to  room  tem- 

of  the  metal  (9).  The  fin  shed  samp  chamber.  The 

perature  and  was  onto  a  selected  Pd  dot  by  means 

grounding  contact  inrhworms™  STM  images  and  sets  of  BEEM 

of  three  orthogonally  mounted  .^{y^eally  25-36  BEEM  spectra 

spectra  were  then  •  covering  a  250x250  A2  area.  The  results  re- 

were  measured  in  ^  ^  10  or  more  similar  spectra.  Acquisi- 

Hon lllrprspectra  are  typically  in  the  10-20  second  range  for  a  1  to  10  V 

sweep. 

BEEM  SPECTROSCOPY  RESULTS 


BEEM  Sper.tra  for  75  A  Si02 

Reoresentative  spectra  for  a  75  A  oxide  MOS  siruclure  are  shown  in  Fig^ 
Represemau  H  conditions.  Both  the  applied  bias  Vt  and  the 

2  'O'-  'farious  posihve  oxide  bias^condm 

resulting  0X1  e  P  tuni^l  current  ot  2  nA,  which  is  considerably  less  than 

meTyS^rnAturrenll  rlrort'd  previously  on  Pt  contacts  deposited  at 
the  typical  reason  for  the  improved  transmission  can  be  par- 

oTlndS  to  in  improveTmorphology  of  the  Pd  film  and  to  lower  scat- 
tially  spectra  are  characterized  by  a  rapid  increase  m  L 

tering  in  the  Pd  •  P  ^  saturation,  then  a  decrease,  which 

beyond  the  threshold  near  h  v,  iu  j  decrease  in  h  at  ~2 

in  turn  is  followed  by  a  second  increase  for  Vt>8  V.  The  decrease  W  ai 
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eV  above  threshold  coincides  with  the  onset  of  acoustic  phonon  scattering  in 
the  oxide  and  is  a  clear  manifestation  of  the  importance  of  this  scattering 
mechanism  in  oxide  transport  (9,13).  At  these  energies,  the  strong  momentum 
randomizing  phonon  collisions  cause  the  electrons  to  scatter  back  into  the 
metal.  The  momentum  relaxation  rates  level  off  at  higher  energies  and  the 
collector  current  again  increases  because  the  available  phase  space  (density 
of  states)  is  increasing.  Optical  phonon  scattering  is  primarily  important  near 
threshold  and  is  relevant  in  determining  the  transmission  probabilities  under 
bias  conditions  near  0  V  (9).  With  increasing  oxide  bias  Vb  the  spectra  in¬ 
crease  in  absolute  intensity  and  shift  to  lower  energy.  The  increase  in  inten¬ 
sity,  particularly  for  Vb^  2  V,  is  largely  attributable  to  an  increase  in  the 
transmission  probability  in  the  oxide  (9).  As  will  be  discussed  later,  the  in¬ 
creases  in  Ic  for  Vb>2  V  can  be  attributed  to  increases  in  available  phase  space 
due  to  the  image  force.  This  effect  is  also  responsible  for  the  observed 
threshold  shifts  brought  about  through  the  lowering  of  the  effective  interface 
potential,  as  illustrated  by  the  dashed  line  in  Fig.  1.  This  will  be  further  dis¬ 
cussed  in  the  next  section. 

In  a  given  set  of  spectra,  variations  in  the  threshold  of  up  to  several  tenth 
of  a  volt  were  observed,  particularly  in  sets  taken  with  low  oxide  biases.  These 
threshold  shifts  are  attributed  to  negative  charge  residing  at  the  SiOj-Si  inter¬ 
face.  The  negative  field  counters  that  of  the  applied  Vb  and  is  felt  strongest  for 
low  values  of  Vb-  For  these  bias  values,  only  ~20%  of  the  spectra  exhibited  a 
common  and  low  threshold  value.  This  number  drastically  increased  for  the 
higher  biases.  In  all  cases,  the  spectra  shown  represent  an  average  of  those 
that  exhibit  a  common,  lowest  threshold  within  a  given  set  of  spectra. 


Image  Force  Effects  in  BEEM  Spectra 


The  threshold  values  of  spectra,  such  as  those  shown  in  Fig.  2,  were  ob¬ 
tained  by  fitting  a  suitable  power  law  to  the  data  in  the  vicinity  of  the  threshold 
region  (14).  The  values  obtained  from  the  fits  are  indicated  by  symbols  in  Fig. 
3.  They  represent  a  monotonic  decrease  of  the  threshold  with  increasing 
oxide  field.  The  likely  origin  of  this  effect  is  the  Schottky  lowering  of  the  po¬ 
tential  maximum  near  the  metal-SiOj  interface  due  to  the  simultaneous  pres¬ 
ence  of  an  electric  field  Eox  and  the  image  force  of  the  electron  in  the  oxide. 
The  potential  <I>in,(z)  as  a  function  of  the  distance  z  from  the  interface  is  given 
by: 

and  is  schematically  shown  by  the  dashed  curve  in  Fig.  1.  Here,  is  the 
permittivity  of  free  space,  Cox=3.9  is  the  dielectric  constant  of  SiOz,  and  tox  is 
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the  oxide  thickness.  Setting  d(DiJz)/dz  =  0  to  find  the  position  of  the  maximum 
in  the  potential,  one  obtains 

1/2 

®  ^  cm,  [2] 


167is„c„„E 


O^'OX  OX 


and  the  lowering  of  the  potential 


eE, 


1/2 


5eV„  = 


ox 


eV, 


1/2 


ox 


4^Co^OX 


eV. 


[3] 


Equation  [3]  was  used  to  obtain  the  solid  curve  in  Fig.  3.  The  fit  to  the  exper¬ 
imental  thresholds  is  quite  good  for  the  higher  oxide  biases.  The  deviation 
Tom  the  theoretical  curve  for  the  lower  bias  values  can  be  attr-.buted  to  rem¬ 
nant  negative  charge  effects  at  the  S1O2-S1  interface  that  are  reflected  spec 
tral  threshold  shifts,  as  discussed  above.  The  small  deviations  at  the  bighes 
bTases  are  within  experimental  uncertainty  for  the  de termma  ion  of  the 
fhresholds  (+0.02  eV),  but  may  still  be  affected  by  an  additional  effective  low- 
er  nrof  the  potential  due  to  tunneling  through  the  top  of  the  barrier.  For  bias 
values  higher  than  indicated,  the  BEEM  current  was  dominated  by  the  F-N 
tunnel  current  of  the  capacitor  structure,  and  thus  unmeasurable^  From  the 
data  we  deduce  that  the  flat  band  threshold  (Vox-0  V)  for  Pd/SiOj  is  3.99 

+0.02  eV. 


TRANSMISSION  PROBABILITIES  IN  SiOj 


Experimental  Determination 


The  collector  current  can  be  expressed  as 


=  Kt,^„T„„t 


mo '  ox  os 


[4] 


where  t  and  to*  are  the  kinematic  transmission  probabilities  across  the 
metal-oxide  and  oxide-silicon  interfaces  (9).  Tox  is  the  transmission  probability 
across  the  oxide,  and  K  is  an  energy  independent  constant  of  order  unity  that 
is  used  as  a  fitting  parameter  and  includes  the  attenuation  of  the  injected  cur¬ 
rent  in  the  metal  layer.  Tn,o  varies  slowly  with  energy  and  exhibit  little  structure 
/14\  T  =1  for  Vb^O  V.  T„o  can  be  expressed  analytically  in  a  free  electron 
model  that  is  based  on  the  overlap  of  available  conduction  band  states  on  ei¬ 
ther  side  of  the  interface,  and  includes  the  energy  distribution  of  the  electrons 
iniected  by  the  tip,  the  Fermi  function  and  quantum  mechanical  transmission 
nrnhabilities  This  is  not  the  case  for  the  transmission  probability  Tox  for  the 
oxide  because  of  the  strong  electron-phonon  scattering  (13).  As  we  will  dis- 
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cuss  in  the  next  section,  Tox  can  be  calculated  by  numerically  integrating  the 
Boltzmann  equation.  However,  Tox  can  be  deduced  from  the  experimental  data 
(9).  Transmission  across  the  metal  was  assumed  to  be  energy  independent, 
a  justifiable  assumption  over  an  energy  range  for  which  the  mean  free  paths 
are  larger  than  the  metal  film  thickness.  In  addition,  no  features  in  BEEM 
spectra  have  been  attributed  to  the  metal  overlayer,  whose  primary  effect  Is  a 
featureless  attenuation  of  the  injected  electrons. 

Experimentally  Tox  is  determined  by  first  calculating  U  with  eq.  [4]  as¬ 
suming  Tox— 1.  This  cur^e  is  fitted  at  the  threshold  over  a  narrow  (~0.2  eV) 
energy  range.  The  deviation  of  the  calculated  curve  from  the  experimental 
spectrum  is  due  to  the  energy  dependence  of  Tox,  which  is  readily  determined 
by  dividing  the  experimental  spectrum  by  the  calculated  one  (8).  The  result 
of  such  a  determination  of  Tox  for  a  150  A  SiOj  layer  is  shown  in  Fig.  4  for  two 
different  values  of  Vox.  As  can  be  seen,  the  higher  positive  oxide  bias  increases 
the  collection  efficiency  and  hence  the  transmission  probability.  The  peaks  in 

Tox  above  threshold  appear  to  be  artifacts  attributed  to  statistical  noise  in  the 
data. 


Monte  Cario  Calculations  of  T.^. 


•  Monte  Carlo  simulation  used  to  calculate  Tox  have  been  de¬ 

scribed  in  Ref.  9.  Here  we  will  give  a  summary  and  some  added  details  on  the 
treatrnent  of  image  force  effects.  The  electron  transport  model  used  is  based 
on  a  Monte  Carlo  integration  of  the  Boltzmann  transport  equation,  which  re- 
quires  a  description  of  the  electron  motion  in  the  conduction  band  structure 
of  S1O2  in  the  presence  of  the  electric  field  Eox,  as  well  as  a  detailed  account 
of  the  electron  scattering  processes  in  the  oxide.  A  single  valley  conduction 
band  was  assumed  for  the  oxide,  with  an  energy  dependent  effective  electron 
mass  mo  —  0.5  rrie  at  the  bottom  of  the  band.  At  high  energies,  the  electron 
mass  IS  assumed  to  resume  the  free-electron  value  me.  Electron-phonon 
scattering  was  based  on  semi-empirical  scattering  rates  for  both 
longitudinal-optical(LO)  phonon  scattering  -  the  -two  dominant  LO-phonon 

modes  with  energies  of  63  and  153  meV  were  included  -  and  acoustic  phonon 
scattering  (15,16). 


n  our  previous  work,  the  following  boundary  conditions  were  used  to 
calculate  Tox  w)-  The  electrons  were  isotropically  injected  into  the  oxide  at  a 
kineic  energy,  Ekl  -  eVr  -  eVo.  For  each  injection  energy,  the  transmission 
pro  a  ility  was  determined  by  tracking  energy,  momentum  and  position  of  the 
injected  electrons  until  they  leave  the  oxide  either  at  the  metal  contact  or  at 
the  silicon  substrate.  Only  the  latter  contribute  to  the  transmitted  current. 
Back-scattering  into  the  SiOj  from  either  contact  was  neglected.  This  as¬ 
sumption  IS  reasonable  because  Exm  of  the  exiting  electrons  is  several  eV. 
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S.H  HO.  e,ec.ro„s  h^ve  a  H.H^P™HaWmv^o.  -s.«a^,a.e, radon  cH^alr 

tonlSuonMhereby  disallowing  reentry.  The  transmission  probabiiity  T„  can 
be  calculated  as, 


Tox  = 


Where  N  is  the  number 

number  of  electrons  reaching  th  ^  5  y)  •  shown  by  the  open 

manner  for  a  150  ^  mlo.onicaliy  'from  unify  a.  threshold 

(re^^kindc  energy  at  the  point  of  iniecfion)  .0  a  vaiue  of  ~0.1  for  V,-8  V. 

The  addition  of  image  ^tfiiref  6^00^0  ofthetir^nS^^^^^^^^^ 
effect  on  the  transmission  pro  interface  (see  Fig.  1,  dashed  line)  in  the 

conduction  band  near  he  me  - 

Snl  arrgJe^rr^ewHhinJbe  region  0<.<.  As  a  point  o  re  ere  ce 
using  eqn.  [2]  with  A  and  P 

values  that  are  ^°rnpa  j  ^g^gse  causes  a  drastic  increase  in  the  scattering 
large  Ek.„  within  Zm  o  transmission  probabilities.  The  image  force 

rates  that  dramaticaliy  tl]).  The  singularity  at  z  =  0 

used  in  the  described  by  Fischetti  et  al.  (17).  Due  to  the  steep 

was  removed  in  a  manner  a  j„j„_*irtn  the  steo  increments  in  the  simu- 

potential  gradient  at  ‘Hf  P»'"  events, 

lations  had  to  be  computali  times,  in  addition,  it  was 

This  caused  a  normai  injeciion  of  the  electrons  at  the  metal-SiO,  inter- 

?aTe  Ts^he^”.ion  o?'iX^  inlec.ion  resulted  in  aHnorma..y_sman 
tace,  as  uic  a  j^p  results  of  two  simulations  of  Tox  for  Vox-u.i  v 

transmission  pr  b  b  U  ^  Pig  4  ^  comparison  of  the 

ipf  nn^  wUh  and  without  image  force  effects  clearly  shows  the  importance 
simulations  wi  rthv«?iral  terms  it  is  the  enhanced  acoustic  phonon  scat- 

of  their  rapid  momentum  randomization  and 

tering  m  the  ''"9  near  threshold.  This  effect  is 

strong  back  f 3^7 "L  only  be  partially  mimicked  by  intro- 

absent  for  a  r>a  g  rnnriitions  in  fact  at  threshold  such  an  ad-hoc  ap- 

ducing  because  electrons  that  emit  a  single  phonon  will  not 

Ee°aWe  t^return  to  the  metal  contact  without  tunneling  through  the  tnangu  ar 
barker  Lding  to  a  significant  overestimation  of  the  transmission  probability. 
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DISCUSSION  AND  CONCLUSIONS 


It  is  clear  from  the  observed  threshold  shifts  of  Fig.  2  and  the  good 
agreement  with  classical  image  force  lowering  that  image  force  effects  are 
relevant  in  the  injection  process,  as  well  as  substantial  for  oxide  fields  com¬ 
monly  used  in  transport  studies  using  MOS  capacitor  structures.  Their  omis¬ 
sion  in  the  simulations  of  our  earlier  studies  still  lead  to  acceptable  agreement 
with  experiment  because  the  studies  were  mainly  made  under  low  Box  (includ¬ 
ing  Eox<0)  conditions.  A  negative  Box  shifts  the  potential  energy  maximum  to 
the  Si02-Si  interface,  rendering  the  image  force  less  effective  in  modifying  the 
threshold,  although  still  enhancing  the  scattering  rates  at  the  point  of  injection. 

The  scattering  rates  are  fundamentally  different  for  the  optical  and 
acoustic  phonons  (13,16),  which  affects  the  shape  and  energy  dependence  of 
Tox-  The  large  energies  of  the  LO-phonons  lead  to  strong  energy  relaxation 
near  the  energy  of  the  dominant  LO-mode  (153  meV).  The  LO-rate  rapidly 
decreases  as  the  kinetic  energy  increases  (to  ~1/10  within  1  eV)  because  of 
the  Coulombic  nature  of  the  interaction.  LO-phonon  scattering  becomes  in¬ 
creasingly  forward  oriented  with  increasing  electron  energy  (4).  Acoustic 
phonons  have  much  smaller  energies  and  contribute  little  to  the  energy  re¬ 
laxation  rate.  However,  they  dominate  the  momentum  relaxation,  which  in¬ 
creases  with  electron  energy  and  favors  large  angle  (Umkiapp)  scattering  at 
kinetic  energies  >3  eV. 

These  differences  between  the  two  phonon  types  are  directly  reflected  in 
the  BBBM  results.  The  decrease  in  Tox  for  Vt>6  V  (Bkin^2  eV)  in  Fig.  4  is  due 
to  acoustic  phonon  scattering,  which  is  also  prominently  evident  in  the  "raw" 
BEEM  data  of  Fig.  2  for  Vt>6  V.  What  is  not  evident  a  priori,  is  that  acoustic 
phonon  scattering  is  also  dominant  near  threshold  when  image  effects  are  In¬ 
cluded.  In  the  region  of  z<Zm,  Ewn  can  reach  values  for  which  acoustic  phonon 
scattering  dominates,  thus  scattering  a  large  fraction  of  electrons  back  Into  the 
metal  before  they  reach  z^.  This  is  the  cause  for  the  drop  in  the  simulated  Tox 
from  near  unity  to  0.6  when  image  forces  are  included  (Fig.  4).  The  agreement 
between  simulation  and  experimentally  determined; Tox  is  quite  good  for  low 
Vox,  but  includes  a  substantial  region  of  discrepancy  within  1  eV  of  threshold 
for  Vox=4.4  V.  This  discrepancy,  already  observed  for  modest  biases  in  our 
earlier  data  (9),  increases  for  larger  values  of  Vox  (not  shown).  The  reason  for 
this  is  at  present  not  known,  but  appears  to  be  related  to  a  field  dependency 
of  the  quantum  mechanical  transmission  probability  (18),  which  was  not  in¬ 
cluded  in  the  simulations  thus  far.  Its  inclusion  may  be  questioned  on  the 
ground  that  the  SiOa  is  amorphous  and  that  lattice  scattering  due  to  disorder 
would  dominate.  However,  it  has  be  argued  that  amorphous  Si02  has  a 
short-range  order  of  10-20  A  that  is  comparable  to  that  of  crystalline  forms  of 
Si02  (15).  This  length  exceeds  the  measured  electron  mean-free  path  in  Si02 
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at  most  electron  energies  (13),  which  leads  one  to  conclude  that  disorder  in¬ 
duced  scattering  is  likely  to  be  small  compared  to  phonon  scattering. 

An  additional  observation,  that  of  an  enhanced  spectral  strength  with  in¬ 
creasing  Vox,  as  shown  in  Fig.  2,  can  also  be  attributed  to  image  force  effects. 
The  collector  current,  as  stated  in  eqn.  [4],  depends  also  on  Tn,o,  which  in¬ 
cludes  the  overlap  of  the  density  of  states  projected  onto  the  Interface  plane 
in  reciprocal  space  (9).  It  is  limited  by  the  density  of  states  of  the  oxide. 
However,  the  image  force  enhances  this  overlap  at  the  interface  through  an 
increase  in  Ewn,  which  increases  Tn,o.  This  increase  is  larger  than  the  increase 
in  scattering  due  to  a  larger  Ewn,  thereby  enhancing  the  net  transmitted  cur¬ 
rent,  as  observed  experimentally. 

In  summary,  we  have  observed  for  the  first  time  threshold  shifts  with  in¬ 
creasing  oxide  biases  in  BEEM  spectra  on  MOS  capacitor  structures,  and  at¬ 
tributed  the  shifts  to  image  force  lowering  of  the  oxide  potential  near  the 
metal-oxide  interface.  The  shifts  agree  well  with  the  shifts  predicted  by  clas¬ 
sical  image  force  theory.  Monte  Carlo  simulations  that  also  include  these  ef¬ 
fects  have  been  used  to  calculate  the  transmission  probability  Tox  for  a  150  A 
SiOz  MOS  structure.  The  calculation  give  new  insights  into  the  role  of  acoustic 
phonon  scattering  in  determining  Tox  near  threshold.  Agreement  between  ex¬ 
perimentally  determined  probabilities  and  simulations  are  good  for  low  oxide 
fields,  but  exhibit  some  discrepancies  near  threshold  for  high  oxide  fields. 
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Fig.  3.  Observed  threshold  shifts 
(circles)  for  data  of  Fig.  2  and 
shifts  deduced  from  classical  im¬ 
age  force  theory  (line). 
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Fig.  4.  Transmission  probabilities 
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methods  (symbols)  and  deduced 
from  experimental  data  (lines). 
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Stressing  and  high  fieid  transport  studies  on  device-grade  Si02  by  bailistic 
electron  emission  spectroscopy 
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The  tip  of  a  scanning  tunneling  microscope  was  used  to  inject  hot  electrons  across  the  gate  and  into 
the  oxide  of  a  metal-oxide-semiconductor  structure.  This  method,  known  as  ballistic  electron 
emission  microscopy  (BEEM),  allows  an  arbitrary  choice  of  the  energy  of  the  injected  electrons, 
which  may  be  further  accelerated  by  the  application  of  a  gate  bias.  The  high  current  densities  and 
choice  of  energy  make  BEEM  an  attractive  method  to  study  hot  electron  transport  and  breakdown 
phenomena  in  dielectrics.  The  studies  reported  here  were  made  on  Pd/SiO2/Si(100)  structures  with 
a  Si02  layer  thickness  of  3.8  nm.  Monte  Carlo  techniques  were  used  to  calculate  the  spreading  of 
the  electron  beam  as  it  traverses  the  oxide,  A  strong  dependence  of  the  spreading  on  the  kinetic 
energy  and  oxide  thickness  were  observed.  Using  the  calculated  beam  spreads  to  determine  current 
densities  and  injected  charge  densities,  the  charge-to-breakdown  (Qbd)  was  measured  for  several 
breakdown  sequences.  The  Qbd’s  consistently  exceeded  by  several  orders  of  magnitude  the  values 
obtained  by  conventional  Fowler-Nordheim  (FN)  tunnel  injection  under  high  field  conditions.  Most 
of  the  time,  breakdowns  could  not  be  achieved  for  3.8  nm  oxides.  It  is  concluded  that  impurity/ 
defects  still  control  all  observed  breakdowns;  an  intrinsic  limit — although  claimed  to  have  been 
reached — has  not  yet  been  established.  Changes  in  the  BEEM  spectra  with  injected  electron  charge 
are  interpreted  in  terms  of  a  three  stage  process  to  breakdown:  (I)  electron  trap  creation  and  filling 
at  the  Si02-Si  interface,  (II)  prebreakdown  believed  to  occur  through  thinning  of  the  oxide  that 
starts  at  the  oxide-Si  interface,  and  (III)  oxide  punch-through,  characterized  by  an  injection 
threshold  ^1  V,  close  to  that  for  Si.  The  role  of  hot  hole  injection  into  the  Si02  valence  band  was 
also  assessed  and  deemed  a  negligible  factor  in  the  degradation  process  under  the  zero  or  low  oxide 
biases  used  in  the  experiment  reported  here.  ©  1996  American  Vacuum  Society, 


L  INTRODUCTION 

From  a  design  point  of  view,  future  generations  of  inte¬ 
grated  circuits  (IC)  can  be  scaled  well  below  the  presently 
manufactured  0.25  jam  technology,  a  projection  that  requires 
gate  oxides  ultimately  reaching  thicknesses  below  2  nm.^"^ 
However,  the  reliability  of  thin  gate  oxides  is  one  of  the  most 
important  problems  in  metal-oxide- semiconductor  (MOS) 
technology.  Hence,  the  ability  of  manufacturers  to  mass  pro¬ 
duce  such  aggressively  scaled  ICs  will  depend  on  the  suc¬ 
cessful  solution  of  a  number  of  materials  and  processing 
problems,  among  which  is  the  oxide  integrity  for  gate  oxides 
in  the  4  nm  range  and  below.  This  problem  has  been  desig¬ 
nated  a  potential  show  stopper."^  In  this  thickness  range,  in¬ 
terface  roughness,  deviations  from  stoichiometry,  and  impu¬ 
rities  in  the  oxide  and  at  the  Si02-Si  interface  are  believed 
to  be  especially  critical.  Their  roles  in  affecting  device  reli¬ 
ability  and  eventually  oxide  breakdowns  are  presently  not 
known,  and  attempts  at  gaining  further  understanding  of 
these  issues  are  undertaken  at  a  number  of  laboratories. A 
fundamental  physical  description  of  oxide  degradation  and 
failure  are  of  crucial  importance  in  formulating  models  that 
predict  device  reliability  and  lifetimes  from  bum-in  and  ac¬ 
celerated  aging  studies. 

Oxide  breakdown  studies  are  based  on  failure  analysis  of 
electrically  stressed  MOS  capacitor  stmctures  or  MOS  field 
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effect  transistors  (FETs).  Conventionally,  energetic  (hot) 
electrons  are  injected  into  the  conduction  band  of  the  Si02 
by  means  of  field  assisted  injection  or  Fowler-Nordheim 
(FN)  tunneling.  Following  injection,  the  electrons  gain  en¬ 
ergy  through  field  acceleration  until  they  reach  the  opposite 
interface.  The  injection  may  occur  in  a  constant  voltage  or  a 
constant  current  mode.  The  time  is  measured  until  device 
failure  occurs  (time  to  breakdown).  This  time,  which  is  de¬ 
pendent  on  the  fluence  or  total  injected  charge,  exhibits  a 
complex  dependence  on  field  and  oxide  thickness,  which  can 
be  rationalized  in  terms  of  electron  heating  in  the  oxide  film,^ 
The  total  charge  injected  at  failure  is  referred  to  as  charge  to 
breakdown,  example  of  the  dependence  of  Gbd 

oxide  field  and  thickness  is  shown  in  Fig.  1,^^  These  Qbd’s 
represent  state-of-the-art  values  on  high  quality  oxides.  Their 
values  have  increased  over  the  years  as  oxide  growth  and 
substrate  cleaning  methods  have  improved,  implying  that  the 
origin  of  breakdowns  are  still  associated  with  defects  or  im¬ 
purities.  It  is  general  practice,  however,  that  for  the  best  ox¬ 
ides,  such  as  those  shown  in  Fig.  1,  the  breakdown  is  ad¬ 
dressed  as  the  intrinsic  mode,^^’^"^’^^  because  breakdown 
distributions  are  narrow  and  quite  distinct  from  early  fails  or 
low-field  break-down.  In  a  strict  sense,  however,  intrinsic 
would  imply  an  oxide  free  of  defects,  with  the  Qbd’s  reflect¬ 
ing  the  practical  upper  limit  of  oxide  reliability, 

A  fundamental  and  little  disputed  aspect  of  oxide  break¬ 
down  is  the  role  of  the  hot  electrons  in  generating  charge 


2855  J.  Vac.  Sci.  Technol.  B  1 4(4),  Jul/Aug  1 996  0734-21 1 X/96/1 4(4)/2855/9/$1 0.00  ©1 996  American  Vacuum  Society  2855 


2856 


Ludeke,  Wen,  and  Cartier:  Studies  on  device>grade  Si02 


2856 


Rg.  1.  Normalized  charge  to  breakdown  as  a  function  of  average  electric 
field  for  indicated  oxide  thicknesses  at  room  temperature.  These  results  were 
obtained  through  field  stressing  (injection  by  FN  tunneling  at  the  polysilicon 
gate).  Open  data  points  are  experimental  results,  solid  lines  are  model 
calculations-adapted  from  Ref.  16,  TTie  solid  data  points  represent  oxide 
failures  achieved  with  BEEM  for  3.8  nm  and  7.5  nm  oxides.  The  energies  of 
the  STM  injected  electrons  were  converted  to  the  equivalent  field  necessary 
to  achieve  those  values. 


traps  at  the  interfaces.  Microscopic  details  of  such  traps  are 
either  lacking  or  highly  speculative,  with  the  exception  of 
traps  generated  at  the  cathode  due  to  the  presence  of  hydro¬ 
gen.  The  latter  is  released  at  the  anode  through  impact  with 
energetic  electrons  (kinetic  energy  eV).  The  hydrogen 
diffuses  to  the  cathode  where  it  combines  with  another  hy¬ 
drogen  atom  and  escapes.  The  release  of  the  second  hydro¬ 
gen  is  believed  to  leave  behind  an  interface  state  or  an  elec¬ 
tron  trap.^’^  For  thicker  oxides  under  high  oxide  fields, 
conditions  for  which  some  electrons  in  the  oxide  reach  ener¬ 
gies  exceeding  9  eV  (the  Si02  band  gap  energy),  electron- 
hole  pairs  may  be  created  in  the  oxide  by  impact  ionization, 
with  the  holes  being  swept  to  the  injecting  cathode  where 
they  can  be  trapped  by  oxygen  vacancies,  for  example. 
Electron-hole  recombination  can  then  create  interface  states 
and  electron  traps.  This  mechanism  is  important  only  for 
oxide  thicknesses  S:10  nm,  and  will  not  be  further  discussed, 
as  these  conditions  are  not  encountered  in  the  present  experi¬ 
ments.  Hole  injection  into  the  oxide  may  also  occur  at  the 
Si-Si02  interface  through  electron-hole  pairs  generated  by 
impact  ionization  of  the  hot  electrons  reaching  the  anode  (Si 
substrate).  Although  deemed  a  low  efficiency  process,^ ^ 
some  breakdown  models  rely  exclusively  on  hole  injection 
as  the  primary  trap  creation  mechanism  at  the  cathode,  and 
the  principal  mechanism  leading  to  progressive  oxide  degra¬ 
dation  emanating  from  the  cathode.  Other  models  de- 
emphasize  the  role  of  hole  trapping  and  attribute  the  start  of 
oxide  degradation  to  electron  trapping  at  the  anode. 

In  this  article,  we  present  results  of  stressing  thin  Si02 
layers  by  directly  injecting  hot  electrons  into  the  conduction 
band  of  Si02  with  the  tip  of  a  scanning  tunneling  microscope 
(STM).  This  method  obviates  the  need  for  field  acceleration 
to  energize  the  electrons  in  the  Si02  conduction  band,  al¬ 
though  this  is  still  an  option  that  allows  additional  experi¬ 
mental  flexibility.  The  STM  mediated  injection  provides  un¬ 


precedented  spatial  resolution  and  a  choice  of  the  location  of 
stressing.  The  results  reported  here  were  obtained  for  3.8  nm 
device  grade  oxides.  The  principal  conclusions  of  this  study 
are:  (i)  in  general,  the  oxides  were  difficult  to  break  down  in 
spite  of  injecting  fluences  exceeding  by  several  orders  of 
magnitude  the  reported  Qbd  values  of  conventionally  (FN) 
stressed  oxides  (such  as  those  in  Fig.  1)  for  comparable  an¬ 
ode  energies;  (ii)  when  breakdowns  were  observed,  the  Qbd’s 
far  exceeded  the  best-of-breed  published  results;  (iii)  strong 
spectral  evidence  suggests  that  breakdown  emanates  from 
the  anode  following  a  clearly  resolved  trapping/charging 
stage  and  a  prebreakdown  phase;  and  (iv)  hole  injection  ap¬ 
pears  to  be  inconsequential  in  breakdown  processes  initiated 
by  STM-mediated  hot  electron  injection. 

II.  EXPERIMENTAL  DETAILS 

A.  Ballistic  electron  emission  microscopy/ 
spectroscopy 

Ballistic  electron  emission  microscopy  (BEEM)  is  a  STM 
based  microscopy  that  differs  from  conventional  STM  by  the 
presence  of  a  thin  metallic  or  other  conducting  film  overlying 
the  substrate — the  Si02~Si  structure  in  the  present  case.  The 
sole  purpose  of  this  conductive  layer  is  to  provide  a  potential 
reference  plane  (generally  at  ground  potential)  relative  to 
which  the  STM  tip  is  biased.  The  electrons  injected  into  this 
layer  by  the  STM  tip  have  an  energy  equal  io  where  Vj 
is  the  STM  tip  bias.  The  thickness  of  the  metal  layer  is  com¬ 
parable  or  preferably  less  than  the  electron  mean  free  path, 
so  that  the  electrons  can  traverse  the  layer  without  scattering 
(ballistically).  If  their  energy  is  larger  than  the  potential  step 
at  the  interface — in  the  present  case  the  difference  eV^  be¬ 
tween  the  Fermi  level  in  the  metal  and  the  bottom  of  the 
Si02  conduction  band — the  electrons  have  a  finite  probabil¬ 
ity  of  getting  injected  into  the  conduction  band,  traverse  the 
oxide  and  of  being  collected  as  a  collector  current  1^  in  the  Si 
substrate.  This  probability  is  dependent  on  the  overlap  of 
conduction  band  density  of  states  at  the  interfaces,  the  trans¬ 
mission  probability  across  the  oxide,  as  well  as  transmis¬ 
sion  probabilities  of  a  quantum  mechanical  origin.  These  is¬ 
sues  have  been  detailed  elsewhere.^^’^"^  Suffices  to  say  here 
that  Tqx  is  strongly  dependent  on  the  scattering  rates  of  elec¬ 
trons  with  longitudinal  optical  phonons  (energy  dispersive) 
and  acoustical  phonons  (momentum  dispersive),  rates  which 
are  strongly  dependent  on  the  kinetic  energy  of  the 
electrons. The  latter  is  determined  by  a  combination  of 
the  energy  at  the  point  of  injection  {eVj-eVi^)  and  any  gain 
in  energy  from  field  acceleration  in  the  oxide  due  to  the 
presence  of  an  oxide  potential  applied  by  means  of  a  bias 
potential  .  An  energy  diagram  for  a  BEEM  experiment  is 
illustrated  in  Fig.  2  for  conditions  of  positive  (accelerating) 
and  negative  (retarding)  oxide  potentials. 

In  the  spectroscopy  mode,  the  raster  scan  of  the  STM  is 
stopped  and  the  collector  current  4  is  measured  as  Vj  is 
ramped  over  a  range  that  includes  the  barrier  step  potential 
Vq'Ic  becomes  finite  once  Vj  exceeds  Vq  for  or  ex¬ 

ceeds  Fq-Vox  for  Fox~0>  conditions  illustrated  in  Fig.  2. 
The  STM  is  generally  operated  at  a  constant  tunneling  cur- 
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Fig.  2.  Schematic  energy  band  diagram  for  a  BEEM  experiment  on  an  MOS 
structure  for  positive  oxide  bias  (a),  and  for  negative  (t>)-  Vox  is 
controlled  by  means  of  the  gate  bias  .  For  Pd/Si02/Si,  Vox<0  when 
V^<  —  0.5  V.  The  energy  of  the  electrons  injected  by  the  STM  tip  is  deter¬ 
mined  by  the  tip  bias  .  Their  energy  distribution  is  represented  by  the 
exponential  function  fj.  The  distribution  of  the  electrons  reaching  the 
Si02-Si  interface  is  shown  by  the  hatched  distributions  /qj,  cVq  is  the 
energy  difference  between  the  Fermi  level  of  the  Pd  layer  and  the  bottom 
of  the  Si02  conduction  band. 

rent  4  can  also  be  used  for  image  contrast  in  the  scanning 
mode,  thereby  generating  an  electron  transmission  image  of 
the  MOS  structure,  commonly  referred  to  as  a  BEEM 
image, that  is  recorded  simultaneously  with  the  STM  topo¬ 
graphic  image. 

In  stressing  studies  using  BEEM,  electrons  at  a  given  en¬ 
ergy  {eVj)  are  injected  locally  (well  within  a  nm)  for  a  given 
time,  with  the  collector  current  determining  the  total  fluence. 
Then  an  versus  Vj  spectrum  is  taken  to  assess  the  conse¬ 
quences  of  the  stressing  in  terms  of  changes  in  the  local 
transmission  characteristics,  including  threshold  shifts 
This  process  is  then  repeated  until  either  the  stressed  area 
moves  out  of  range  due  to  instrument  drifts,  or  the  oxide 
breaks  down  as  evidenced  by  a  low  value  of  Vq-  Alterna¬ 
tively,  spectra  over  a  broad  energy  range  are  repeatedly  taken 
at  the  same  spot  until  either  of  the  two  previously  mentioned 
events  occur.  As  a  point  of  reference,  an  of  50  pA  col¬ 
lected  over  an  area  of  5  nm^  (realistic  for  oxides  dominated 
by  ballistic  transport,  i.e.,  oxide  thickness  nm)  corre¬ 

sponds  to  a  charge  injection  of  10^  C/cm^  s!  In  our  experi- 
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ments,  we  can  achieve  injection  energies  of  9  eV.  To  achieve 
this  value  by  conventional  FN  injection,  one  would  need  to 
apply  a  field  of  —24  MV/cm  to  a  5  nm  oxide.  Still  larger 
effective  energies  can  be  achieved  with  BEEM  by  applying 
an  accelerating  oxide  bias. 

B.  Sample  preparation 

Device-grade  amorphous  Si02  layers  were  thermally 
grown  in  the  range  750-800  °C  at  1  atm  of  dry  oxygen  for 
30-50  min.  The  substrates  were  125-mm-diam  Si(lOO)  wa¬ 
fers  doped  to  the  low  10^^  range.  No  additional  treatments 
were  performed  after  the  oxidation.  Oxide  thicknesses  for  the 
studies  reported  here  are  3.8  and  7.5  nm.  Approximately 
8X15  mm^  samples  were  cleaved  from  the  wafers  and  intro¬ 
duced  into  an  ultra  high  vacuum  (UHV)  preparation  cham¬ 
ber.  Arrays  of  Pd  dots,  0.2  mm  in  diameter,  were  deposited 
by  thermal  evaporation  of  Pd  through  a  shadow  mask,  with 
the  substrate  held  at  —30  K.  The  finished  sample  was  al¬ 
lowed  to  warm  up  to  room  temperature  and  was  subse¬ 
quently  transferred  under  UHV  into  the  STM  chamber.  The 
grounding  contact  needed  to  bias  the  tip  was  carefully  posi¬ 
tioned  onto  a  selected  Pd  dot  by  means  of  three  orthogonally 
mounted  inch  worms™.  Deposition  at  low  temperatures  im¬ 
proves  the  surface  morphology  of  the  thin  (^3.5  nm)  Pd 
films,  resulting  in  a  morphology  that  consisted  of  a  nodular 
structure  typically  8  nm  in  diameter  that  protruded  :Sl  nm 
above  the  valleys.  An  STM  image  is  shown  in  Fig.  3(a).  A 
smooth  surface  morphology  is  needed  to  minimize  BEEM 
image  contrast  arising  from  the  surface  topography  of  the 
metal,  which  has  previously  been  observed  to  be  strongly 
reflected  in  the  BEEM  image.^^’^^  The  corresponding  BEEM 
image  of  the  3.8  nm  Pd/3.8  nm  SiO2/Si(100)  structure  is 
shown  in  Fig.  3(b).  The  surface  topography  is  clearly  repli¬ 
cated  in  the  BEEM  image.  However,  the  nodular  structure  of 
the  topographic  image  appears  rather  flat  in  the  BEEM  im¬ 
age,  that  is,  there  is  little  evidence  that  thickness  differences 
in  the  metal  film  affect  the  net  transmission.  The  reason  for 
this  is  that  the  mean  free  paths  in  the  metal  film  are  larger 
than  the  thickness  of  the  metal  film.  However,  near  the  grain 
boundaries  the  scattering  drastically  increases,  resulting  in 
the  electrons  being  scattered  outside  the  acceptance  cone  for 
transmission  across  the  metal-Si02  interface.^^ 

The  change  from  the  previously  used  Pt  gates^^  to  the 
presently  used  Pd  metallurgy  revealed  a  somewhat  surprising 
enhancement  in  the  net  transmission  characteristics  across 
the  MOS  device.  This  enhancement  is  shown  in  Fig.  4, 
where  we  compare  the  BEEM  spectrum  of  a  3.3  nm  Pt  film 
with  that  of  a  Pd  film  of  comparable  thickness,  with  both 
films  deposited  on  3.8  nm  oxides.  It  should  be  noted  that  a 
tunneling  current  of  10  nA  was  used  with  the  Pt  gates, 
whereas  for  Pd,  this  current  was  typically  in  the  1-5  nA 
range.  The  enhanced  transmission  for  Pd  not  only  provides 
enhanced  statistics,  but  makes  stressing  studies  much  easier 
by  allowing  larger  currents  to  be  injected  into  the  oxide.  An 
added  advantage  of  lower  tunneling  currents  lies  in  the  im¬ 
proved  collimated  nature  of  the  injected  current.  This  is  a 
direct  result  from  the  increased  tunnel  gap  during  injection  at 
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Fig.  3.  100X100  nm^  STM  topograph  (a)  and  BEEM  image  (b)  of  a  3  nm 
Pd/3.8  nm  SiO2Si(100)  structure.  Black-white  range  over  the  image  is  3  nm 
in  topography,  and  100  pA in  BEEM.  Vr=-6  V,  Ir=2  nA,  V^  =  0  V.  The 
average  peak  to  valley  in  the  topography  image  is  less  than  1  nm. 

lower  currents.^®  A  more  collimated  electron  beam  is  subject 
to  fewer  scattering  events,  which  enhances  the  transmission 
across  the  MOS  structure.  This  in  turn  results  in  crisper  spec¬ 
tral  features,  as  shown  in  Fig.  5.  As  the  data  indicates,  under 
optimal  conditions  useful  spectra  can  be  readily  obtained 
with  tunnel  currents  of  =^0.5  nA. 

C.  Monte  Carlo  (MC)  simulations 

Details  of  the  (MC)  simulations,  which  are  based  on  the 
code  developed  by  Fischetti  et  al^  have  been  given 
elsewhere.^^’^"^  In  the  present  application,  MC  simulations 
were  used  to  estimate  the  spreading  of  the  electron  beam  as  it 
traverses  the  Si02  layer.  Knowledge  of  the  spreading  is 
needed  in  order  to  estimate  current  and  charge  densities  dur¬ 
ing  electrical  stressing  of  the  Si02.  To  calculate  the  spread- 


BEEM  at  metal  /  38  A  Si02  /  n-Si(100) 


Tip  bias  Vy  (V) 

Fig.  4.  Comparison  of  BEEM  spectra  for  similar  MOS  structures  except  for 
the  gate  metal.  Pd  gates  allow  substantially  larger  transmission  than  the 
previously  used  Pt  gates.  Spectrum  (a)  is  for  a  Pd  gate,  (b)  for  a  Pt  gate  and 
(c)  is  curve  (b)  normalized  to  a  2  nA  tunnel  current. 


ing  in  the  oxide,  normal  injection  across  the  Pd-Si02  inter¬ 
face  at  one  single  point  was  assumed  (delta  function).  The 
potential  in  the  oxide  included  image  force  lowering  and  the 
applied  oxide  bias.  Electrons  returning  to  the  metal  were 
discarded.  The  position  of  the  transmitted  electrons  was  re¬ 
corded  and  the  normalized  local  current  density  ,  was 

calculated  after  sufficient  statistics  had  been  acquired  (typi¬ 
cally  10^  electrons).  The  distance  r  is  measured  away  from 
the  injection  point,  and  /j^  is  the  injection  current.  In  Fig.  6, 
typical  results  of  the  simulations  are  summarized  for  differ¬ 
ent  combinations  of  the  oxide  thickness,  the  oxide  bias,  and 
the  tip  bias.  The  two  distributions  for  V'7^=5.5  (open  sym- 
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Tip  bias  Vy  (V) 

Fig.  5.  Normalized  collector  currents  for  a  Pd/SiO2/Si(I00)  structure  for  a 
range  of  indicated  tunnel  currents.  The  curves  have  been  normalized  to  the 
lj-2  nA  spectrum,  to  which  the  ordinate  scale  refers.  The  relative  intensi¬ 
ties  scale  inversely  with  Ij,  which  is  attributed  to  the  higher  collimation 
(and  transmission)  for  the  smaller  /j’s,  for  which  the  STM  tip-surface  dis¬ 
tance  is  greater. 
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Fig.  6.  Spatial  distribution  of  the  normalized  current  densities  at  the  Si/Si02 
interface  after  electron  transport  through  3.8  and  7.5-nm-thick  Si02  films  as 
calculated  by  MC  simulations  for  various  bias  conditions.  The  figure  serves 
to  illustrate  the  strong  dependence  of  the  beam  spreading  on  the  electron 
energy  in  the  oxide.  At  low  electron  energies  (open  symbols,  ¥^=5.5  V) 
little  broadening  is  predicted.  Strong  broadening  will  occur  if  electrons  are 
either  injected  at  high  energy  (3.8  nm,  ¥^=9.^  V  full  diamonds),  or  if  the 
electrons  are  heated  inside  the  oxide  by  a  strong  electric  field  (7.5  nm, 
V  full  dots). 


bols)  were  done  at  a  small  accelerating  bias.  At  this  tip  bias, 
the  electrons  travel  at  an  energy  of  1.5  eV  through  the  oxide, 
where  phonon  scattering  is  small  and  mostly  via  longitudinal 
optical  phonons  (forward  scattering).  This  results  in  a 
streaming  type  motion  in  the  presence  of  a  small  accelerating 
field  and  leads  to  very  little  beam  broadening  by  the  trans¬ 
port  through  the  oxide.  In  these  cases,  the  beam  size  on  the 
substrate  side  is  expected  to  be  comparable  to  the  size  of  the 
injection  beam.  The  two  distributions  were  scaled  to  the 
same  heights  in  such  a  way  that  the  additional  broadening  in 
the  thicker  oxide  can  be  clearly  seen.  The  peak  at  r = 0  over¬ 
shoots  the  y  axis  of  the  plot  by  one  order  of  magnitude,  such 
that  actual  broadening  is  considerably  smaller  than  suggested 
at  a  first  glance. 

Most  interestingly,  considerably  broader  distributions  are 
obtained  if  the  electrons  are  either  injected  at  high  energies 
(for  3.8  nm  film,  solid  diamonds)  or  accelerated  by  a  strong 
electric  field  (7.5  nm  film,  solid  circles)  in  the  oxide.  The 
broadening  is  caused  by  a  rapid  increase  of  the  acoustic  pho¬ 
non  scattering  (Umklapp  dominated,  isotropic,  quasi-elastic 
scattering)  with  increasing  kinetic  energy  of  the  electrons. 
This  scattering  dominates  at  energies  above  3  eV  and  leads 
to  strong  backscattering  that  both  reduces  the  overall  trans¬ 
mission  efficiency  and  quite  significantly  spreads  the  beam. 
In  the  3.8  nm  film,  the  electrons  were  injected  at  a  tip  bias  of 
9.8  V,  which  corresponds  to  an  initial  electron  energy  in  the 
oxide  of  about  5.8  eV.  Alternatively,  electrons  were  injected 
at  an  energy  of  1.5  eV  into  a  7.5  nm  oxide  and  subsequently 
heated  by  a  strong  electric  field,  such  that  their  average  en¬ 
ergy  reaches  values  of  4-5  eV.  Again,  significant  beam 
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Fig.  7.  Spectra  of  threshold  region  for  BEEM-stressed  Pd/3.8  nm  Si02/Si 
structure.  The  kinetic  energy  of  the  injected  electrons  is  ~6  eV.  The  total 
injected  charge  was  ~3X10^  C/cm^.  This  charge  is  plotted  in  Fig.  1.  No 
oxide  breakdown  occurred.  The  stressing  location  is  indicated  in  Fig.  8. 


spreading  is  predicted  and  the  increased  oxide  thickness 
leads  to  additional  broadening.  Under  conditions  where  the 
electrons  reach  energies  in  excess  of  3-4  eV,  the  beam  size 
on  the  substrate  side  is  predicted  to  be  largely  determined  by 
the  spreading  in  the  oxide.  This  has  to  be  taken  into  account 
when  calculating  local  current  densities  and  charge  to  break¬ 
down. 

In  the  present  determination  of  current  and  charge  densi¬ 
ties,  it  was  assumed  that  r  =  2.3  nm.  For  this  value  74%  of 
the  current  injected  into  the  oxide  is  included  in  the  density 
determinations.  The  remaining  current  in  the  tail  of  the  dis¬ 
tribution  contributes  little  to  the  density.  This  leads  to  an 
effective  area  of  17  nm^  for  the  beam  spread  at  the  Si02-Si 
interface  for  the  3.8  nm  oxide  at  a  kinetic  energy  of  5.8  eV, 

III.  STRESS  MEASUREMENTS 

As  pointed  out  before,  the  mere  fact  of  taking  a  BEEM 
spectrum,  such  as  those  of  Figs.  4  and  5,  involves  the  injec¬ 
tion  of  large  charges  into  the  oxide.  A  conservative,  lower 
estimate  of  this  charge  is  300  C/cm^  over  a  time  span  (about 
1  s)  that  corresponds  to  a  voltage  change  Ay7’^0.5  V  during 
a  typical  spectral  sweep.  For  electrons  injected  at  yj=  10  V, 
with  V^=0  V,  their  kinetic  energy  in  the  oxide  is  ^6  eV,  a 
value  achieved  with  FN  injection  only  in  the  presence  of  an 
oxide  field  of  —24  MV/cm  for  a  3.8  nm  oxide.  At  such  large 
energies  or  equivalent  oxide  fields,  breakdown  should  be  ob¬ 
served  frequently  if  the  local  oxide  characteristics  were  simi¬ 
lar  to  those  of  the  quality  oxides  represented  in  Fig.  1.  How¬ 
ever,  breakdowns  in  3.8  nm  oxides  were  seldom  observed 
during  routine  spectral  scans  with  l=^yj’^10  V  and  y^=0 
V,  and  never  observed  on  oxides  ^7  nm  thick  unless  a  posi¬ 
tive  bias  was  applied.  An  extreme  case  of  stressing  without 
breakdown  is  illustrated  in  Fig.  7,  which  depicts  a  series  of 
spectral  scans  taken  at  the  same  location  of  an  MOS  structure 
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with  to^=3.8  nm,  A  spectrum  was  taken  after  each  dosage  of 
injected  charge.  Except  for  an  almost  imperceptible  increase 
in  the  threshold  position,  indicative  of  some  charging  at  the 
Si02-Si  interface,  no  spectral  changes  are  observed  after  3 
min  of  stressing  C/cm^).  After  10  min  of  stressing 

the  spectrum  weakened  and  shifted  to  slightly  higher  ener¬ 
gies.  The  weakening  of  the  spectrum  is  indicative  of  some 
additional  scattering  in  the  oxide,  possibly  due  to  the  genera¬ 
tion  of  interface  defects.  These  may  be  precursors  to  break¬ 
down  (see  following  section),  but  the  evidence  of  a  conven¬ 
tional  BEEM  spectrum  and  threshold  indicates  that  the  oxide 
is  still  largely  intact.  Additional  stressing  was  not  possible 
because  of  instrument  drift,  which,  although  extremely  small 
at  this  particular  time  (—2.5  nm/h),  caused  the  STM  tip  to 
drift  out  of  the  stressed  area  (—1  nm^)  over  the  duration  of 
the  stressing  time.  (2inj~3XlO^  C/cm^  after  completion  of 
the  stressing.  This  value,  marked  on  Fig.  1  at  an  equivalent 
field  of  24  MV/cm,  is  totally  incompatible  with  the  rest  of 
the  Qbd’s  for  conventionally  stressed  oxides,  strongly  sug¬ 
gesting  again  that  the  gbd’s  of  Fig.  1  are  not  intrinsic  but 
defect  controlled.  The  stressing  did  not  cause  any  observable 
damage  in  the  Pd  film.  Topography  and  BEEM  images  of  the 
stressed  area  are  shown  in  Fig.  8(a)  and  8(b),  respectively. 
The  stressed  area  has  been  marked  with  a  cross.  The  BEEM 
image  barely  shows  an  area  of  slightly  weakened  transmis¬ 
sion  at  the  stress  point. 

Stress  experiments  that  resulted  in  breakdown  were  suc¬ 
cessful  rather  infrequently  (of  the  order  of  10%),  which  sug¬ 
gest  that  the  sites  where  breakdowns  occur  are  quite  dis¬ 
persed,  of  rather  low  density  and  most  likely  controlled  by 
impurities  and/or  defects.  A  breakdown  sequence  is  illus¬ 
trated  in  Fig.  9,  which  consisted  of  applying  a  ¥2^=  10  V 
(kinetic  energy  —6  in  the  oxide)  for  predetermined  time  in¬ 
tervals,  each  of  which  was  followed  by  a  spectral  scan.  After 
stressing  for  10  s  (curve  b),  a  threshold  shift  to  higher  ener¬ 
gies  is  clearly  observed.  A  partial  breakdown  is  observed 
after  stressing  for  20  s,  with  the  threshold  moving  down  to 
about  1  V  and  the  collector  current  increasing  by  orders  of 
magnitude  (the  dashed  curves  represent  a  lOOX  demagnifi¬ 
cation).  The  low  threshold  is  a  clear  manifestation  that  the 
oxide  barrier  has  disappeared  and  that  a  direct  contact  exists 
to  the  Si  substrate.  The  total  injected  charge  to  breakdown 
corresponds  to  —6X10^  C/cm^.  Another  breakdown  se¬ 
quence  is  shown  in  Fig.  10.  The  oxide  was  repeatedly 
stressed  at  the  same  point  of  a  3.8  nm  oxide  with  Vj^=  10  V 
and  F^  =  0  V.  Spectral  scans  were  taken  after  each  stress 
application.  Only  a  fraction  of  the  scans  are  shown  in  the 
figure,  starting  with  the  first  scan  (a)  on  a  virgin  section  of 
the  sample  and  ending  with  spectrum  (g),  which  represents 
the  locally  broken  down  oxide.  The  sequence  shows  a  weak¬ 
ening  of  the  transmitted  collector  current  that  is  accompanied 
by  threshold  shifts  to  higher  energies.  After  injecting 
—7X10^  C/cm^  the  intensities  again  increase,  as  shown  in 
spectrum  (d),  and  the  thresholds  move  progressively  to  lower 
energies  ultimately  reaching  the  breakdown  stage  (curve  g) 
after  —3X10"^  C/cm^  have  been  injected.  Following  such 
breakdown  events,  the  surface  of  the  MOS  structure  is 
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Fig.  8.  1 2.5  X  12.5  nm^  STM  topograph  (a)  and  BEEM  image  (b)  of  a  3  nm 
Pd/3.8  nm  SiO2/Si(100)  structure.  Black-white  range  over  the  image  is  1.9 
nm  in  topography,  and  30  pA  in  BEEM.  1^7-= -5  V,  /j^=^5  nA,  ^^,  =  0  V. 
The  location  of  the  BEEM  stressing  area  is  marked  by  an  x. 

heavily  damaged.  The  damaged  area  is  of  the  order  of  10  nm 
across,  and  generally  consists  of  a  crater  with  surrounding 
rough  hillocks  of  dimensions  of  5-10  nm.  It  should  be  em¬ 
phasized  that  the  damage  resulting  from  the  breakdown  is 
not  due  to  a  tip  crash,  but  appears  to  be  the  result  of  the  large 
currents  injected  locally  and/or  discharge  of  injected  trapped 
charge  in  the  stressed  area.  The  morphology  in  the  prebreak¬ 
down  phase  was  not  investigated. 

IV.  DISCUSSION  AND  CONCLUSIONS 

A  key  feature  of  the  stressing  and  breakdown  studies  with 
BEEM  is  the  initial  shift  of  the  threshold  Vq  to  higher  values. 
This  shift  is  plotted  as  a  function  of  injected  charge  in  Fig.  11 
for  the  data  of  Fig.  10.  The  increase  SVq,  together  with  the 
attenuation  of  the  intensity  of  /q,  depicted  in  Fig.  10,  is 
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Fig.  9.  A  successful  breakdown  sequence  for  a  3.8  nm  oxide  stressed  with  6 
eV  (kinetic  energy)  electrons.  The  shift  to  higher  Vq  between  curve  (a)  and 
(b)  is  due  to  negative  charge  at  the  Si02-Si  interface.  0  V.  Total  injected 
charge  to  breakdown  (defined  by  reaching  V,  as  in  curve  c)  is 

-6X10^  C/cml 


equivalent  to  applying  a  negative  bias  to  the  oxide,  as  dem¬ 
onstrated  in  a  previous  publication.^^  The  responsible  field 
for  this  shift  is  due  to  electrons  trapped  in  the  vicinity  of  the 
Si02-Si  interface.  This  view  is  consistent  with  previous  ob¬ 
servations  based  on  FN  injection.^®’^^’^^’^^  However,  one 
could  argue  that  in  the  present  case  the  injected  electrons  are 


Breakdown  sequence  for  a  38A  Si02  film 


Tip  bias  Vj  (V) 

Fig.  10.  Oxide  breakdown  sequence  from  no  stress  (curve  a)  to  fully  broken 
down  oxide  region  or  punch  through  (curve  g)  for  a  3.8  nm  oxide.  The  oxide 
was  stressed  between  spectra  at  Vt=  10  V  for  10-30  s  periods.  Not  every 
spectrum  and  stress  sequence  is  shown.  Vi,  =  0  V.  Of  interest  is  a  second 
threshold  in  the  stressed  area  beginning  with  spectrum  (d)  and  clearly  seen 
in  the  magnified  spectrum  (f).  The  threshold  is  ~2  V  above  Vq  and  appears 
to  be  related  to  trap  generation  reported  in  Ref.  9. 


Electrical  stressing  of  a  38A  Si02  film 


Fig.  11.  Shifts  in  the  fundamental  threshold  Vq  as  a  function  of  injected 
charge  taken  from  the  data  of  Fig.  10.  Three  phases  of  stressing  are  depicted. 
Prebreakdown  commences  after  a  maximum  has  been  reached  and  coincides 
with  the  appearance  of  a  second  threshold,  as  discussed  in  Fig.  10. 


already  sufficiently  energetic  to  cause  damage  at  the  inject¬ 
ing  Pd  electrode,  a  scenario  that  cannot  entirely  be  excluded. 
However,  any  trapped  charge  in  such  hypothetical  states 
would  be  screened  by  the  metal  and  contribute  a  negligible 
amount  to  the  threshold  shift.  A  simple  calculation,  with  the 
metallic  screening  treated  by  the  classical  image  force,^^ 
gives  the  following  relationship  between  eSVQ  and  the  dis¬ 
tance  d  of  the  charge  from  the  metal-Si02  interface: 


eSV.= 


477606, 


1 


1 


r  \r^  +  4d^ 


1/2 


(1) 


where  r  is  the  distance  between  the  trapped  charge  and  the 
injected  electron  as  it  crosses  the  plane  parallel  to  the  inter¬ 
face  that  includes  the  trap.  6o  and  6,  are,  respectively,  the 
permittivity  of  vacuum  and  the  dielectric  constant.  Clearly, 
eSVQ  approaches  zero  as  d  approaches  the  metal”Si02  in¬ 
terface,  so  that  the  trapped  charge  must  reside  in  the  vicinity 
of  the  Si02-Si  interface  to  produce  a  sizeable  8Vq.  For  a 
shift  of  1  eV  or  more,  with  the  negatively  charged  trap  3.5 
nm  from  the  Pd-Si02  interface,  the  electron  must  pass 
within  0.35  nm  of  the  trap.  Alternatively,  if  the  charge  were 
uniformly  distributed,  a  1  eV  shift  corresponds  to  an  inter¬ 
face  charge  of  5.7X  10^^  electrons/cm^.  In  a  realistic  situation 
there  will  be  a  number  of  filled  traps,  as  evidenced  by  the 
increasing  shift  with  dosage,  and  the  net  shift  will  arise  from 
the  sum  of  contributions  from  each  individual  charge.  During 
stressing.  Fig.  6  indicates  that  the  electron  beam  has  spread 
over  an  area  of  radius  ~2  nm  with  tails  of  the  distribution 
extending  somewhat  farther.  At  the  threshold,  however,  the 
beam  has  spread  very  little  and  is  thus  more  sensitive  to  local 
distributions.  Fluctuations  in  thresholds  are  indeed  observed 
even  for  unstressed  areas  a  few  nanometers  apart,  corrobo¬ 
rating  the  highly  localized  resolution  of  BEEM,  particularly 
for  thin  oxides.  Consequently,  the  shifts  in  Vq  represent  in¬ 
terface  trap  charging  on  a  truly  local  (<1  nm)  scale,  but  the 
trap  creation  from  the  energetic  electrons  occurs  over  an  area 
of  —20  nm^  for  a  3.8  nm  thick  oxide. 
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Trap  creation  and  charging  also  occur  for  Vj<  10  V,  as 
can  be  ascertained  form  curve  (a)  of  Fig.  10  which  represents 
a  spectrum  for  a  previously  unstressed  area.  Yet  its  intensity 
for  8  V  is  uncharacteristically  low  compared  to  those  of 
Figs.  4  and  5.  The  lower  intensity  implies  an  ongoing  charg¬ 
ing  as  the  data  is  taken.  This  phenomenon  is  not  observed  in 
spectra  taken  randomly  over  the  sample  and  suggests  the 
presence  of  a  weak  spot  at  the  point  of  injection  that  ulti¬ 
mately  results  in  breakdown.  Upon  further  stressing  a  maxi¬ 
mum  in  SVq  is  reached,  as  shown  in  Fig.  11,  which  indicates 
that  a  maximum  was  reached  in  the  density  of  negative 
charge  trapped  near  the  Si02-Si  interface.  A  negative  charge 
in  the  absence  of  an  applied  bias  leads  to  a  local  energy 
profile  similar  to  that  depicted  in  Fig.  2(b).  Further  injection 
leads  to  a  gradual  decrease  of  Vq  ,  which  may  result  from  an 
increased  charge  leakage  due  to  the  deterioration  of  the  oxide 
or  from  either  positive  charges  generated  at  the  Si02-Si  in¬ 
terface  (anode),  or  electron  trapping  at  the  cathode.^  The 
maximum  in  Fq  coincides  with  the  onset  of  larger  currents 
for  Vj'^1  eV,  as  seen  in  spectra  (d)-(f).  The  enhanced  cur¬ 
rent  is  due  to  an  ongoing  modification  of  the  oxide,  the  sim¬ 
plest  explanation  being  the  destruction  of  the  oxide  that 
gradually  progresses  into  the  oxide  starting  from  the  Si02-Si 
interface.  The  local  thinning  explains  the  dramatic  increases 
in  as  the  stressing  progresses,  curves  (e)  and  (f).  The  XlO 
enhanced  curve  (f),  shown  by  the  dashed  line,  clearly  reveals 
a  remnant  of  a  conventional  BEEM  spectrum  with  a  thresh¬ 
old  at  4.8  eV.  The  reason  for  the  weakened  threshold  region 
in  this  spectrum  is  attributed  to  added  scattering  at  defect 
sites  in  the  progressively  deteriorating  oxide.  However,  once 
Vx  exceeds  7  V,  the  oxide  breakdown  proceeds  rapidly  as 
suggested  by  the  rapid  rise  of  .  Upon  completion  of  spec¬ 
trum  (f)  punch-through  of  the  oxide  resulted,  as  indicated  by 
the  low  1  V,  and  the  large  currents. 

The  onset  of  the  current  enhancement  in  what  we  refer  to 
as  the  prebreakdown  region  in  Fig.  11,  and  represented  in 
Fig.  10  by  curves  (c)-(f),  is  approximately  2  eV  above  Vq, 
Perhaps  coincidentally,  this  energy  also  corresponds  to  the 
threshold  for  hydrogen  release  and  trap  formation  at  the  an¬ 
ode  of  MOS  capacitor  structures.^  The  hydrogen  then  dif¬ 
fuses  to  the  cathode  (injecting  electrode)  to  produce  electron 
traps.  As  discussed  above,  our  measurements  are  not  sensi¬ 
tive  to  such  traps  at  the  injecting  interface,  and  it  is  not  clear 
at  present  how  the  hydrogen  release  would  affect  the  oxide 
breakdown  scenario  depicted  here.  Nevertheless,  if  present, 
electron  trapping  at  the  cathode  would  increase  the  acceler¬ 
ating  field  in  the  oxide,  thereby  accounting  for  both  a  de¬ 
crease  in  Vq  in  the  prebreakdown  regime,  and  an  enhance¬ 
ment  of  oxide  deterioration  by  increasing  the  electron  energy 
as  they  reach  the  anode.  The  implication  that  most  of  the 
events  that  lead  to  breakdown  are  initiated  at  the  Si02-Si 
interface  (anode)  is  also  consistent  with  the  MC  simulations. 
These  indicate  that  beam  spreading  due  to  acoustic  phonon 
scattering  is  accentuated  in  the  oxide  away  from  the  injecting 
interface.  Since  this  scattering  occurs  with  little  loss/gain  in 
energy,  the  effectiveness  in  damaging  the  oxide  is  enhanced 
as  the  electrons  sample  a  greater  volume,  which  increases  the 


probability  that  an  electron  encounters  a  weak  spots  where 
the  breakdown  may  be  initiated.  This  breakdown  scenario 
starting  at  the  oxide-Si  interface  is  consistent  with  those 
proposed  by  several  other  workers, but  inconsistent 
with  oxide  degradation  attributed  to  hot  hole  injection  into 
the  oxide  at  the  Si02-Si  interface.  The  hot  holes  are  cre¬ 
ated  by  impact  ionization  of  the  hot  electrons  as  they  enter 
the  Si.  The  hole  injection  model  requires  the  high  fields 
present  in  conventional  FN  injection  to  accelerate  the  holes 
toward  the  cathode.  This  situation  does  not  apply  in  the 
present  case  for  a  3.8  nm  oxide  with  no  applied  bias.  In  fact, 
the  electron  traps  initially  created  by  the  stressing  produce  a 
retarding  field  for  the  holes,  keeping  them  from  being  in¬ 
jected  into  the  valence  band  of  the  Si02. 

The  j2bd  values  obtained  from  various  breakdown  events 
have  been  plotted  in  Fig.  1,  as  well  as  the  total  charge  in¬ 
jected  in  one  experiment  that  did  not  reach  breakdown.  The 
injection  energies  of  the  BEEM  experiments  were  converted 
to  an  equivalent  electric  field  that  would  achieve  the  same 
energies  under  FN  injection.^^  The  stressing  current  at  maxi¬ 
mum  tip  bias  was  converted  to  a  charge  density  by  multiply¬ 
ing  by  the  time  and  dividing  the  product  by  the  area  of  the 
electron  beam  reaching  the  Si02“Si  interface  (—17  nm^),  as 
determined  from  the  MC  simulations  depicted  in  Fig.  6.  The 
2bd’s  thus  obtained  fall  consistently  above  the  curves  ob¬ 
tained  from  conventional  stress  experiments.^^  These  were 
interpreted  in  terms  of  an  intrinsic  breakdown  limit,  a  con¬ 
clusion  that  is  challenged  by  the  present  results.  Even  the 
new  points  obtained  here  are  not  intrinsic,  as  much  higher 
charge  dosages  did  not  routinely  cause  breakdowns  in  the  3.8 
nm  oxides.  Consequently  we  conclude  that  even  the  higher 
observed  breakdown  dosages  are  still  limited  by  extrinsic 
effects,  either  defects  or  impurities  at  the  interface.  This  con¬ 
clusion  offers  hope  that  in  the  future,  device  lifetimes  and 
device  reliability  can  be  considerably  improved.  Our  obser¬ 
vations  are  consistent  with  an  increase  in  oxide  robustness 
observed  over  the  years  as  capacitor  areas  and  device  dimen¬ 
sions  shrink.^"^"^^  It  is  generally  acknowledged  that  these 
trends  are  directly  attributable  to  a  decreasing  probability  of 
finding  defects/impurities  in  the  oxide  as  the  device  areas 
decrease. 

It  is  a  reasonable  question  to  ask  if  Qbd’s  obtained  with 
BEEM  can  be  compared  to  those  obtained  under  FN  injec¬ 
tion.  The  conversion  of  the  former  from  an  energy  scale  to  an 
effective  electric  field  scale  assumes  that  only  the  electron 
energy  is  important  and  that  field  effects  in  the  FN  stress 
mode  contribute  negligibly  to  the  breakdown.  Previous  stud¬ 
ies  have  shown  that  the  principal  trap,  defect  and  interface 
state  generation  mechanisms  are  dependent  solely  on  the  ki¬ 
netic  energy  of  the  hot  electrons  injected  into  the  oxide,  with 
no  evidence  of  a  field  dependence  other  than  to  accelerated 
the  electrons  to  the  required  energies  for  defect 
generation.^’^’^^  This  is  not  to  say  that  the  field  is  unimportant 
but  rather  that  thus  far  there  is  little  evidence  of  the  field 
playing  a  primary  role  in  determining  the  breakdown  mecha¬ 
nism.  For  the  electric  field  stressed  modes,  such  as  FN,  de¬ 
fect  formation  can  also  occur  from  holes  generated  by  impact 
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ionization  in  both  the  Si02  and  the  Si  (anode)  with  subse¬ 
quent  injection  into  the  Si02  valence  band.  The  field  is  thus 
important  to  accelerate  the  holes  towards  the  cathode  where 
they  can  create  traps  and  interface  states.  These  processes 
also  depend  on  the  energy  of  the  holes.^®  However,  hole 
generation  depends  on  the  energy  gained  by  the  electrons, 
with  a  minimum  oxide  potential  of  8  V  being  required  for 
hole  injection  to  occur  from  the  Si  (anode)  This  potential 
threshold  is  higher  than  the  gate  voltages  used  by  Schuegraf 
and  Hu^^  to  obtain  the  data  of  Fig.  1  with  the  exception  that 
the  data  for  the  7  nm  oxide  beyond  11  MV/cm  correspond  to 
a  gate  voltage  exceeding  8  V.  However,  no  change  in  slope  is 
apparent  in  the  data  of  the  7  nm  oxide,  strongly  suggesting 
that  hole  injection  for  thin  oxides  and  for  the  given  field 
ranges  is  not  a  principal  contributor  to  breakdown.  It  is  also 
worth  noting  that  the  BEEM-stressed  Qbd  the  7.5  nm 
oxide  in  Fig.  1  was  obtained  with  an  applied  field  of  ~6 
MV/cm  in  addition  to  a  kinetic  energy  of  4.2  eV  at  the  point 
of  injection.  From  these  discussions,  it  can  be  surmised  that 
the  oxide  field  has  a  yet  to  be  identified  role  on  for  thin 
oxides  (aside  from  accelerating  the  electrons  in  FN  stress¬ 
ing).  Consequently,  the  comparison  of  FN-stressed  and 
BEEM-stressed  data  is  a  reasonable  undertaking  with  any 
additional,  but  still  unknown,  field  enhanced  contributions  in 
the  FN  case  being  compensated  by  the  higher  energies  sus¬ 
tained  by  the  BEEM-injected  electrons  throughout  their  pas¬ 
sage  across  the  oxide. 

V.  CONCLUSIONS 

In  conclusion,  we  have  demonstrated  that  spatially  highly 
resolved  stress  studies  using  the  STM  can  give  new  insights 
into  breakdown  phenomena  in  ultrathin  oxides.  Unlike  con¬ 
ventional  stressing  by  means  of  FN  injection,  the  present 
technique  allows  an  arbitrary  choice  of  injected  electron  en¬ 
ergies,  thereby  greatly  simplifying  the  injection  and  oxide 
transport  processes.  The  latter  have  also  been  modeled  by 
MC  simulations,  from  which  the  spreading  of  the  electron 
beam  as  it  traverses  the  oxide  was  calculated.  Stress  induced 
breakdowns  under  conditions  that  far  exceed  those  for  con¬ 
ventionally  stressed  state-of-the-art  oxides  imply  that  break¬ 
downs  are  still  controlled  by  defects/impurities  in  the  oxide, 
and  that  an  intrinsic  breakdown  limit  has  not  yet  been 
reached.  When  observed,  the  breakdown  scenario  suggests  a 
three-fold  sequence  of  initial  trap  creation  and  filling,  fol¬ 
lowed  by  a  prebreakdown  phase  that  appeared  to  be  associ¬ 
ated  with  a  progressive  oxide  deterioration  starting  at  the 
Si02-Si  interface,  and  finally  a  catastrophic  punch  through, 
characterized  by  a  very  low  barrier  to  electron  injection.  The 
data  furthermore  suggests  that  hole  transport  in  the  oxide  is 
unlikely  to  occur  for  the  low  oxide  biases  used  in  the  present 
experiments. 
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Image  force  effects  and  the  dielectric  response  of  Si02  in  electron 
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Hot  electrons  of  variable  energy  were  injected  from  a  scanning  tunneling  microscope  tip  into  a 
Pd/SiO2/Si(100)  metal-oxide-semiconductor  structure.  An  analysis  of  the  emerging  collector 
current  in  the  Si  substrate,  a  technique  known  as  ballistic  electron  emission  microscopy,  revealed  a 
monotonic  barrier  height  lowering  with  increasing  positive  oxide  bias,  in  excellent  agreement  with 
a  scaled  classical  image  force  theory.  Calculations  using  the  WKB  approximation  suggest  a 
negligible  contribution  to  the  observed  shifts  from  electrons  tunneling  through  the  barrier.  From  an 
extrapolation  to  zero  oxide  field  the  Pd-Si02  barrier  height  of  4.08  ±0.02  eV  was  deduced.  An 
image-force  dielectric  constant  of  2.74  in  between  the  so-called  optical  (2.15)  and  static  (3.9) 
dielectric  constant  was  determined.  In  order  to  understand  this  intermediate  value,  a  theoretical 
calculation  of  a  retarded  image  force  on  the  moving  electron  is  carried  out  for  the  first  time.  The 
calculations  yield  an  image-force  dielectric  constant  of  2.69,  that  is  consistent  with  the 
experimentally  determined  value.  This  intermediate  dielectric  constant  is  evidence  for  electron- 
phonon  interaction  and  corresponds  to  an  average  dielectric  response  integrated  over  the  time  of 
progression  of  the  electron  in  Si02.  ©  1997  American  Vacuum  Society.  [80734-2101(97)05403-1] 


I.  INTRODUCTION 

It  is  well  known  that  image  force  effects  lower  the  barrier 
height  at  a  metal-semiconductor  or  metal-insulator  interface, 
and  that  tunneling  through  the  barrier  may  give  a  lower  ef¬ 
fective  barrier  as  well.^  In  general,  both  effects  increase  with 
an  increasing  external  field  applied  across  the  insulator,  al¬ 
though  in  the  context  of  Fowler-Nordheim  tunneling  the  im¬ 
age  force  potential  was  ignored  by  some  workers.^’^  The  tun¬ 
neling  induced  barrier  lowering  is  usually  small  in 
nondegenerate  semiconductors,  as  well  as  in  relatively  thick 
insulator  layers.  The  image  force  induced  barrier  lowering 
(image  force  lowering)  was  traditionally  determined  by  in¬ 
ternal  photoemission  measurements.^"^  From  the  observed 
barrier  lowering  as  a  function  of  the  applied  electric  field  an 
effective  dielectric  constant  can  be  derived,  often  called  the 
image-force-dielectric  constant.  With  this  technique,  barrier 
heights  between  metal/Si02  and  Si/Si02  interfaces  and  their 
field  dependencies  have  been  studied.^’^  In  these  studies,  an 
image-force-dielectric  constant  of  €^^=2.15^  equal  to  the  op¬ 
tical  dielectric  constant  in  Si02,  was  determined,  a  value  that 
has  been  accepted  ever  since. Arguments  supporting  that 
value  were  based  on  the  transit  time  r  that  an  electron  needs 
to  move  from  the  metal-oxide  (MO)  interface  (z  =  0)  to  the 
potential  maximum  (z  =  z^).  In  the  case  of  Si  the  transit  time 
was  deduced  to  be  between  1  X  10~  s  and  5X10”^^  s  and 
it  was  argued  that  the  image-force  dielectric  constant  should 
be  comparable  to  the  dielectric  constant  for  electromagnetic 
radiation  of  these  periods.  A  corresponding  value  equal  to 
the  static  dielectric  constant  of  12  was  determined,  which 
agreed  with  the  value  obtained  by  internal  photoemission 
measurements.'  This  somewhat  fortuitous  agreement  results 
from  the  nonpolar  nature  of  Si,  whose  dielectric  constant  is 
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essentially  constant  for  electromagnetic  radiation  from  dc  to 
X  =  1  In  contrast,  Si02  is  a  polar  material,  whose  opti¬ 
cal  phonon  modes  result  in  strong  variations  of  the  dielectric 
constant  in  the  range  of  X  =  40  to  4  yttm.^  In  this  case  a  transit 
time  of  5  X  10"^^  s,  which  corresponds  to  X  =  1  /mm,  should 
correspond  to  a  dielectric  constant  at  optical  frequencies,  i.e., 
2.15.  It  should  be  noted  that  a  response  characterized  by  the 
optical  dielectric  constant  means  that  the  lattice  polarization 
of  the  medium  cannot  follow  the  moving  electron;  in  other 
words,  the  particle  moves  so  fast  that  the  electron-phonon 
interaction  does  not  occur.  Consequently,  the  moving  elec¬ 
tron  senses  a  stronger  image  force  than  at  rest.  To  the  au¬ 
thors’  opinion,  the  traditional  transit  time  argument  that  the 
image-force-dielectric  constant  should  be  comparable  to  the 
dielectric  constant  for  electromagnetic  radiation  of  the  period 
equal  to  the  transit  time  lacks  physical  justification  and  there¬ 
fore  is  not  a  measure  for  predicting  a  dielectric  response.  In 
order  to  know  how  the  dielectric  medium  responds  to  a  mov¬ 
ing  electron,  we  need  to  consider  the  details  of  the  electron- 
phonon  interaction. 

In  this  work,  we  use  ballistic  electron  emission  micros¬ 
copy  (BEEM)  as  a  new  technique  to  study  the  field  depen¬ 
dent  barrier  lowering  at  the  Pd/Si02  interface  of  metal- 
oxide-semiconductor  (MOS)  structures.  We  demonstrate 
that  the  barrier  lowering  exhibits  a  linear  dependence  on  the 
square  root  of  the  oxide  bias.  In  order  to  know  whether  or 
not  the  observed  barrier  lowering  contains  a  contribution 
from  electrons  tunneling  through  the  barrier,  the  WKB  ap¬ 
proximation  is  used  to  calculate  tunneling  probabilities.  Our 
calculations  lead  us  to  conclude  that  a  tunneling  contribution 
is  negligible  in  our  method  of  measuring  barrier  heights. 
Therefore  the  barrier  lowering  only  includes  contributions 
from  image  force  effects.  Since  the  experimental  results  ex¬ 
hibit  a  behavior  proportional  to  the  square  root  of  the  applied 


784  J.  Vac.  Sci.  Technol.  A  15(3),  May/Jun  1997 


0734-21 01  /97/1 5(3)/784/6/$1 0.00 


©1997  American  Vacuum  Society  784 


785 


Wen  et  al.:  Image  force  effects  of  Si02 


785 


oxide  field,  the  classical  image  force  theory  is  considered  to 
be  valid.  In  this  way,  an  image-force  dielectric  constant  of 
2.74  is  determined,  a  value  that  is  considerably  larger  than 
the  optical  dielectric  constant.  In  order  to  assess  the  origin 
for  such  a  value  between  2.15  and  3.9,  we  formulate  a  novel 
theoretical  model  of  transport  dynamics  in  the  interface  re¬ 
gion.  In  this  treatment,  an  electron-phonon  interaction  force, 
which  ultimately  determines  the  dielectric  response  to  fall 
between  the  two  extreme  cases,  is  introduced  into  the  equa¬ 
tion  of  motion  for  the  electron.  We  establish  that  the  “transit 
time”  r  is  a  kind  of  time  scale  for  the  electron-phonon 
interaction,  i.e.,  as  long  as  wt>0  (w  is  a  phonon  frequency), 
there  is  always  some  electron-phonon  interaction  contribu¬ 
tion;  only  when  (ot^O  will  the  term  representing  electron- 
phonon  interaction  disappear  and  the  medium  respond  with 
an  optical  dielectric  constant.  For  the  condition  of  our  BEEM 
experiment,  an  image-force-dielectric  constant  of  2,69  was 
obtained  by  solving  the  equation  numerically.  This  value  is 
in  excellent  agreement  with  the  experimentally  determined 
one  of  2.74.  However,  the  concept  of  time  for  a  fast  moving 
particle  as  presented  here  may  be  of  questionable  applicabil¬ 
ity,  for  which  a  quantum  mechanical  treatment  is  more  suit¬ 
able  as  discussed  in  Sec.  IV. 

II.  EXPERIMENTAL  DETAILS 
A.  Ballistic  electron  emission  microscopy 

BEEM  is  a  scanning  tunnel  microscope  (STM) -based 
microscopy/spectroscopy  that  differs  from  the  conventional 
STM  mode  by  the  presence  of  a  thin  metal  electrode  overly¬ 
ing  the  semiconductor  structure  to  be  measured.  The  sole 
purpose  of  this  electrode  is  to  supply  a  conductive  ground 
plane  relative  to  which  the  STM  tip  is  biased.  In  our  studies 
hot  electrons  were  injected  from  the  tip  into  Pd/Si02/Si 
MOS  structures.  An  energy  band  diagram  for  the  present 
BEEM  experiment  is  shown  in  Fig.  1.  The  tip  bias  Vj  is 
referenced  to  the  thin  grounded  metal  film  (the  metal  Fermi 
level  is  defined  to  be  the  zero  potential).  Therefore,  is  a 
direct  measure  of  the  kinetic  energy  of  the  electrons  injected 
into  the  metal.  Provided  that  the  metal  film  thickness  is  of 
the  order  of  the  electron  scattering  length  in  the  metal,  most 
of  the  electrons  will  traverse  the  metal  bailistically  to  reach 
the  far  interface.  It  should  be  noted  here  that  no  features  in 
BEEM  spectra  have  been  attributed  to  the  metal  layer,  except 
for  causing  a  featureless  attenuation  of  the  injected  electrons. 
Therefore,  transmission  across  the  metal  is  assumed  to  be 
independent  of  the  electron  energy,  a  justifiable  assumption 
over  an  energy  range  for  which  the  mean  free  paths  are 
larger  than  the  metal  thickness.  Electrons  with  sufficient  en¬ 
ergy  to  overcome  the  potential  barrier  at  the  Pd/Si02  inter¬ 
face  may  ultimately  reach  the  semiconductor  conduction 
band,  where  they  are  collected,  forming  a  collector  current 
1^.  As  a  function  of  increasing  Vf,  Iq  is  zero  until  Vj 
reaches  a  threshold  (Vo)»  ^  value  equal  to  the  interface  bar¬ 
rier  height.  The  value  of  Vq  is  usually  extracted  from  the 
spectra  by  means  of  a  model  fit.  A  separate  gate  bias  (V^) 
between  the  metal  and  semiconductor  can  also  be  readily 
applied  within  the  BEEM  configuration.  This  allows  com- 


tip  metal  SiOi  «-Si 


Fig.  1 .  Schematic  energy  diagram  of  a  BEEM  experiment  on  a  MOS  struc¬ 
ture  under  positive  oxide  bias  . 

plete  control  over  the  field  in  the  oxide  and  facilitates  field 
dependent  transport  studies.  As  affects  both  the  potential 
drop  across  the  oxide  ( V^x)  the  band  bending  of  the  Si  at 
the  Si02“Si  interface,  their  relationship  is  nonlinear  and  is 
obtained  by  solving  the  appropriate  Poisson  equation  with 
the  assumption  of  a  negligible  density  of  interface  states.^’^^ 
In  addition,  also  includes  a  part  of  the  built  in  potential 
of  0.50  V  due  to  the  work  function  difference  between  the 
metal  and  the  semiconductor.  In  the  present  case,  the  work 
function  of  Pd  is  larger  than  that  of  n-type  Si,  therefore  the 
flat  band  (Vox“0)  condition  requires  a  negative  gate  bias 
proportional  to  the  work  function  difference. 

B.  Sample  preparation 

Device  quality  oxide  layers  were  thermally  grown  near 
800  °C  in  dry  oxygen  on  125  mm  diameter  Si(lOO)  wafers 
doped  in  the  low  10^^  cm“^  range.  No  additional  treatments 
were  made  after  oxidation.  Here  we  report  studies  on  an 
oxide  layer  with  a  thickness  of  75 ±  1  A;  the  thickness  was 
determined  with  an  ellipsometer.  Approximately  2X12 
mm^  pieces  were  cut  from  the  wafers  and  introduced  into  an 
UHV  sample  preparation  chamber,  where  Pd  dots,  0.2  mm  in 
diameter,  were  thermally  evaporated  through  a  shadow 
mask.  During  deposition,  the  substrate  was  held  at  a  tem¬ 
perature  of  about  30  K.  That  was  necessary  in  order  to  in¬ 
hibit  surface  diffusion.  A  roughness  of  about  10  A  for  a  Pd 
film  of  thickness  of  35  A  was  measured.  After  evaporation, 
the  sample  was  allowed  to  warm  up  to  room  temperature  and 
was  subsequently  transferred  under  UHV  into  the  STM 
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BEEM  at  Pd  /  75  A  SiOg  /  n-Si(1 00) 


Tip  bias  Vj  (V) 


Fig.  2.  BEEM  spectra  (/y  vs  Vy)  for  a  75  A  SiO^  layer  for  indicated  posi- 
tive  oxide  biases  taken  at  1y=  2  nA. 


Oxide  field  (MV/cm) 

1  3  6  9  12 


Fig.  3.  Observed  threshold  shifts  (solid  circle)  resulting  from  fits  to  the 
BEEM  data  of  Fig.  2,  as  well  as  shifts  deduced  from  classical  image  force 
theory  (solid  lines,  corresponding  to  €q^=2.\5,  2.74,  and  3.90,  respec¬ 
tively).  Dotted  lines  are  theoretical  results  calculated  by  WKB  approxima¬ 
tion;  the  three  upper  most  lines  correspond  to  6ox“2.15,  2.74,  and  3.90;  the 
bottom  line  was  obtained  without  considering  image  force  effects. 


chamber,  where  the  BEEM  grounding  contact  was  gently 
positioned  onto  a  selected  Pd  dot  by  means  of  three  orthogo¬ 
nally  mounted  inchworms.  MOS  structures  with  leakage  re¬ 
sistance  ^  10^^  n  were  generally  suitable  for  our  studies.  All 
data  were  taken  in  the  conventional,  feedback  controlled 
constant  tunnel  current  (Ij)  mode.  For  each  a  set  of, 
typically,  16-25  spectra  were  taken  in  a  grid  pattern  cover¬ 
ing  a  area  of  250X250  A The  BEEM  data  reported  here 
are  generally  averages  over  approximately  ten  similar  spec¬ 
tra.  Additional  details  regarding  the  STM  and  data  acquisi¬ 
tion  can  be  found  elsewhere.  It  is  noted  here  that  within  a 
given  set  of  spectra,  variations  in  the  threshold  of  up  to  sev¬ 
eral  tenths  of  a  volt  were  observed,  which  are  assigned  to  a 
negative  charge  at  the  Si02-Si  interface  region. The 
spectra  presented  here  were  averaged  over  those  that  exhib¬ 
ited  a  common,  lowest  threshold  in  a  given  set  of  spectra. 

C.  BEEM  spectra  for  75  A  Si02 

Representative  spectra  for  a  75  A  oxide  of  MOS  struc¬ 
tures  are  shown  in  Fig.  2  for  various  positive  oxide  biases. 
Both  the  applied  bias  and  the  resulting  potential  drop 
Vox  across  the  oxide  are  indicated  on  the  figure.  The  spectra 
are  characterized  by  a  rapid  increase  in  Ij  beyond  the  thresh¬ 
old  near  4  V,  followed  by  a  saturation,  then  a  decrease, 
which  in  turn  is  followed  by  a  second  increase  for  Vj 
>8  V.  The  decrease  in  at  '^2  V  above  threshold  is  evi¬ 
dence  for  the  onset  of  acoustic  phonon  scattering  in  the  oxide 
and  is  a  clear  manifestation  of  the  importance  of  this  scatter¬ 
ing  mechanism  in  oxide  transport.  At  these  energies,  the 
strong  momentum  randomizing  phonon  collisions  cause  the 
electrons  to  scatter  back  into  the  metal.  The  momentum  re¬ 
laxation  rates  level  off  at  higher  energies  and  the  collector 
current  again  increases  because  the  density  of  states,  i.e.,  the 
available  phase  space,  is  increasing.  Optical  phonon  scatter¬ 
ing  is  important  only  near  threshold.  With  increasing  oxide 


bias  V^ ,  the  spectra  clearly  show  a  shift  to  low  energy  as 
well  as  an  increase  in  absolute  intensity.  The  increase  in 
intensity  is  attributed  both  to  an  increase  in  the  transmission 
probability  in  the  oxide  due  to  the  positive  bias,^^  and  to 
increases  in  available  phase  space  due  to  the  image  force 
potential. In  this  article  we  will  only  concentrate  on  the 
threshold  shifts  (barrier  lowering).  The  observed  barrier  low¬ 
ering  derived  from  the  spectra  of  Fig.  2  are  plotted  as  a 
function  of  and  are  shown  by  solid  circles  in  Fig.  3. 
These  threshold  values  were  obtained  by  fitting  the  BEEM 
data  with  a  simulated  spectrum  of  the  current  in  the  vicinity 
of  the  threshold  region  (Vo±0.5  eV).^®  The  simulation  is 
based  on  the  assumption  that  the  transmission  probability  in 
the  oxide  is  constant  and  field  independent  over  the  consid¬ 
ered  threshold  region.  The  latter  assumption  implies  that 
quantum  mechanic  contributions  to  the  transmission  prob¬ 
ability,  which  are  included  in  our  theoretical  BEEM  spec¬ 
trum,  are  also  relatively  field  independent — an  assertion  sup¬ 
ported  by  the  excellent  agreement  between  experiment  and 
Monte  Carlo  simulated  oxide  transmission  probabilities  for 
positive  oxide  fields.^®  In  order  to  determine  the  threshold 
energy,  the  experimental  data  were  visually  fitted  by  varying 
only  the  threshold  energy  and  the  intensity  prefactor  over  the 
energy  window,  with  emphasis  on  an  excellent  fit  on  the 
steeply  rising  part  of  the  spectrum  just  above  the  threshold. 
Since  this  portion  of  the  spectrum  is  devoid  of  any  contribu¬ 
tions  from  electrons  tunneling  through  the  barrier,  we  specu¬ 
late  that  the  determined  threshold  energy  is  not  influenced  by 
tunneling  contributions,  a  conclusion  supported  by  the  excel¬ 
lent  agreement  of  the  threshold  energies  with  classical  image 
force  theory,  as  well  as  by  calculations  based  on  the  WKB 
approximation.  In  addition,  we  did  not  observe  a  rising  back¬ 
ground  with  increasing  oxide  fields  that  would  suggest  con¬ 
tributions  from  tunneling  electrons.  Nevertheless,  the  issue 
of  tunnel  contributions  will  be  considered  and  discussed  in 
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detail  in  Sec.  III.  The  fit  to  the  data  can  be  made  to  within 
±0.02  eV,  as  marked  in  the  figure.  It  should  be  noted  that 
the  right  axis  scale  for  the  threshold  is  only  in  reference  to 
the  experimental  data  (solid  circle),  while  the  left  axis  (image 
force  lowering  relative  to  the  flat  band  condition  in  the  ox¬ 
ide)  is  valid  for  all  curves.  In  Fig.  3  we  clearly  see  that  the 
experimental  data  are  distributed  along  a  straight  line,  a 
strong  manifestation  of  the  validity  of  the  classical  image 
force  theory  as  discussed  in  the  following. 

III.  DATA  INTERPRETATION 

A.  Experimental  result:  eox=2.74 

Since  the  barrier  lowering  exhibits  a  linear  behavior,  a 
least-squares  linear  fit  with  a  chi  value  of  only  0.0022  was 
made  to  the  data,  as  shown  in  Fig.  3.  Originally  the  fitted 
curve  missed  the  origin,  which  indicates  that  our  initial  esti¬ 
mate  of  Vox- 0-45  V  for  zero  bias  was  off  by  53  mV.  Ac¬ 
cordingly,  the  Vox  values  for  the  data  were  uniformly  shifted 
by  this  amount.  The  fitted  curve  must  go  through  the  origin, 
since  at  zero  field  (Vqx^O)  the  barrier  height  is  the  same  in 
the  presence  or  absence  of  the  image  force  potential.  By 
extrapolating  to  Vox^^^^  ^  threshold  value  of  4.08 
±  0.02  eV  is  deduced  for  the  Pd-Si02  potential  barrier  under 
flat  band  conditions.  The  straight  line  implies  that  the  con¬ 
cept  of  a  classical  image  force  expression:  <I>jjn(z)  —  ^  Vo 
~^^ox(^/^ox)“  (^^/167r6o6oxZ)  is  still  valid,  from  which  the 
maximum  position  of  the  potential:  z^-[^/ox/ 
1677eo6oxVox]^^^  and  the  barrier  lowering:  S  eVQ 
=  Vox/4 77 ^o^ox^ox]^^^  eV  due  to  the  image  force  are  de¬ 
rived,  where  6o  is  the  permittivity  of  free  space,  6ox  is  the 
dielectric  constant  of  Si02,  and  tox  is  the  oxide  thickness. 
The  energy  difference  between  the  Fermi  level  in  the  metal 
and  the  bottom  of  the  conduction  band  in  the  oxide  is  de¬ 
scribed  as  e  Vq  ,  as  indicated  in  Fig.  1 ,  The  expression  of  the 
barrier  lowering  S  eVQ  indicates  that  the  slope  of  the  fitted 
line  is  equal  to  [^/47r6o6ox?ox]^'^^»  with  as  the  only  adjust¬ 
able  parameter,  whose  value  is  determined  to  be  2.74 
±0.11.  This  uncertainty  was  estimated  from  the  error  range 
in  the  data.  This  value  is  considerably  larger  than  the  optical 
dielectric  constant  (2.15)  and  lies  in  between  it  and  the  static 
value  (3.9).  In  the  following,  we  demonstrate  through  a 
model  calculation  that  €^^—2.14  is  more  accurate  in  describ¬ 
ing  the  dielectric  response  than  the  optical  one,  though,  that 
value  is  supported  by  internal  photoemission  results. 

B.  Assessment  of  tunneling  contribution 

Before  we  present  the  theoretical  model  describing  the 
dynamic  dielectric  response,  we  need  to  clarify  the  issue  of 
whether  or  not  the  observed  barrier  lowering  includes  con¬ 
tributions  from  electrons  tunneling  through  the  barrier.  It  is, 
in  principle,  possible  that  electron  tunneling  contributes  to 
the  observed  barrier  lowering,  even  though  the  described  de¬ 
termination  of  the  threshold  does  not  include  a  tunneling 
current.  We  state  two  facts  to  conclude  that  a  tunneling  con¬ 
tribution  to  the  determined  barrier  lowering  is  negligible:  (a) 
the  barrier  lowering  clearly  shows  a  linear  dependence  on  the 


square  root  of  the  oxide  bias  V^x^ ,  a  result  valid  only  within 
the  classical  image  force  theory,  since  a  tunneling  contribu¬ 
tion  would  give  a  nonlinear  behavior;  and  (b)  theoretical 
results  based  on  the  WKB  approximation  exclude  any  sub¬ 
stantial  contributions  for  tunneling  electrons  in  the  determi¬ 
nation  of  the  BEEM  thresholds.  It  should  be  kept  in  mind 
that  the  latter  corresponds  to  electrons  going  over  the  barrier 
at  nearly  unit  transmission  probability,  whereas  that  for  tun¬ 
neling  electrons  diminishes  exponentially  rather  rapidly  for 
energies  below  the  barrier  maximum.  These  concepts  were 
quantified  and  the  results  are  presented  by  dotted  lines  in  Fig. 
3.  The  approach  taken  here  is  to  assess  the  field  dependence 
of  tunneling  electrons  at  a  given  transmission  probability. 
Unlike  standard  tunnel  current  calculations  for  MOS  capaci¬ 
tor  structures,  the  tunnel  current  for  BEEM  experiments  can¬ 
not  be  calculated  analytically  due  to  the  complexity  of  hot 
electron  scattering  processes  in  the  metal  and  at  the  inter¬ 
faces.  Calculations  were  carried  out  with  and  without  the 
inclusion  of  image  force  lowering,  as  well  as  for  the  various 
6ox”2.15,  2.74,  and  3.90  values.  An  electron  effective  mass 
at  the  bottom  of  the  conduction  band  of  0.5  rriQ  (mo  is  the 
electron  rest  mass)  was  used.^  No  strong  dependence  on  the 
mass,  although  varied  from  0.3  mo  to  0.5  mo,  was  observed. 
The  singularity  of  the  image  force  potential  at  the  interface 
(z  =  0)  was  removed  by  assuming  ^im(z)=^0  for  <I>im(z) 
^0.  Tunneling  probabilities  were  calculated  as  a  function  of 
tip  voltage  for  various  oxide  biases.  A  virtual  threshold  en¬ 
ergy  can  be  set  at  a  certain  tunneling  probability,  then  barrier 
lowering  relative  to  the  zero  field  case  can  be  plotted  as  a 
function  of  V^x^ .  The  tip  voltages  at  the  tunneling  probability 
of  50%  are  plotted  by  dotted  lines  in  Fig.  3.  The  three  upper¬ 
most  lines  were  calculated  with  6ox=2.15,  2.74,  and  3.90; 
the  bottom  curve  was  obtained  by  excluding  the  image  force 
potential  altogether.  First  of  all,  it  is  clearly  seen  that  the 
bottom  curve  deviates  irrecoverably  from  the  experimental 
data.  This  allows  us  to  conclude  that  the  image  force  poten¬ 
tial  plays  the  main  role  in  the  observed  barrier  lowering. 
Second,  the  theoretical  curves  are  nonlinear,  a  behavior  that 
increases  with  increasing  bias  and  become  even  more  domi¬ 
nant  for  lower  tunneling  probabilities.  We  argue  that  the  ab¬ 
sence  of  such  deviations  from  linearity  in  our  data  precludes 
substantial  contributions  of  tunneling  in  our  methodology  of 
determining  thresholds.  This  statement  does  not  mean  that 
tunneling  is  absent,  but  rather  that  its  contribution  below 
threshold  is  inconsequential  to  the  determination  of  the 
threshold.  This  is  attributed  to  the  rapid  increase  of  phase 
space  for  transmission  above  threshold  that  entirely  deter¬ 
mines  the  collector  current  behavior  on  which  the  threshold 
were  fitted.  For  a  tunneling  probability  of  100%,  the  calcu¬ 
lated  results  exhibit  the  expected  linear  behavior  that  exactly 
matches  solutions  of  the  classical  image  force  theory  for  all 
three  values  of  .  Therefore  we  conclude  that  the  observed 
barrier  lowerings  are  solely  attributed  to  the  image  force  po¬ 
tential,  with  an  effective  dielectric  constant  of  2.74.  It  should 
be  noted  that  Monte  Carlo  calculation  by  Fischetti  et 
lead  to  similar  conclusions. 
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C.  Classical  calculation  of  retarded  image  force: 

eox=2.69 

In  order  to  understand  the  origin  of  the  experimentally 
determined  €^^^2.74,  we  now  present  a  theoretical  calcula¬ 
tion  of  the  effective  dielectric  constant  for  an  electron  in  a 
model  BEEM  experiment. 

In  the  model,  the  electron  moving  in  Si02  as  a  classical 
particle  with  trajectory  r^(/)  and  charge  e  produces  a  poten¬ 
tial  V(r,r).  We  calculate  V(r,/)  and  then  obtain  the  force 
acting  back  on  the  particle  at  r=  .  The  dielectric  medium 
is  assumed  uniform  with  a  local  dielectric  response.  The 
presence  of  the  metal/dielectric  interface  is  taken  into  ac¬ 
count  by  introducing  the  image  of  the  particle.  Then  all  po¬ 
tentials  in  the  left-hand  half  space  (z<0)  are  automatically 
zero  when  we  define  the  potential  on  the  plane  (z  =  0)  to  be 
zero.  We  start  from  the  formula^ ^ 

V(r,0-V^(r,0+  f  ^iV'P(r',0xV,.  (1) 

J  |r— r  I 

where  V(r,t)  is  the  total  potential,  V^(r,t)  the  external  po¬ 
tential  caused  by  the  particle  and  its  image  in  vacuum,  and 
P(r,0  is  the  induced  polarization  in  the  dielectric  medium 
given  by 

P(r,r)=-  (2) 

Jo 

where  —  is  the  local  response  or  susceptibility  per  unit 
volume.  Gaussian  units  are  used  throughout.  Using  Green’s 
theorem,  Eq.  (2)  becomes 

V{z,t)  +  A'rT  \  dt' a(t-t')V{z,t')  =  V^{z,t),  (3) 

Jo 

where  r  is  replaced  by  z,  since  the  particle  in  our  case  is 
traveling  along  the  z-axis.  Equation  3  is  solved  by  taking  its 
Laplace  transform.  After  some  manipulations  and  inverse 
Laplace  transformations,  the  expression  for  the  time  depen¬ 
dent  potential  is  finally  obtained  as: 

if  e  1  /  €-  € 

V{zj)=  + - — - 

^0  [z-^Zpit)\  \  6,6^ 

X  dt',  (4) 

Jo  [z4^Zp(t  ) 

where  the  phonon  response  is  described  by  a(t)  = 

The  latter  is  obtained  from  the  Fourier  transform  of  the  prob¬ 
ability  distribution  w{x)  =  4(o^x/7r(x^-\- and  repre¬ 
sents  a  Debye-like  power  law  behavior  at  low  frequencies 
with  a  high  frequency  cutoff,  the  simplest  form  of  a  broad¬ 
ened  phonon  spectrum  short  of  the  actual  multimode  distri¬ 
bution.  For  Si02  the  higher  lying  optical  mode  {(o 
=  0.153  eV^)  was  assumed  to  represent  the  oxide,  6^  =  3.9 
and  6o  =  2.15.  It  must  be  noted  that  the  first  term  in  Eq.  4 
represents  only  the  image  term  of  the  external  potential  and  a 
self-energy  term  representing  the  quantum  mechanical  po- 
laron  cloud  surrounding  the  particle  is  not  included  in  Eq.  4, 
since  the  particle  is  treated  classically.  The  integral  term  rep- 
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Fig.  4.  Results  from  a  classical  calculation  of  the  retarded  image  force  in  a 
polarizable  medium  near  a  metal  interface.  Solid  circles  are  numerical  re¬ 
sults,  The  slope  fitted  to  the  numerical  results  is  equivalent  to  an  effective 
dielectric  constant  €^^=2.69.  The  two  dotted  lines  represent  the  optic  (2.15) 
and  the  static  (3.9)  limits,  respectively. 


resents  the  effect  of  electron-phonon  interaction  over  a  time 
period  f.  Since  the  phonons  are  described  by  harmonic  os¬ 
cillators  without  damping,  the  electron-phonon  interaction 
does  not  transfer  any  energy  from  the  electron  to  the  dielec¬ 
tric.  The  total  energy  of  the  electron  is  thus  conserved.  The 
equation  of  motion  is  obtained  by  differentiating  Eq.  4: 


We  have  included  here  a  softening  factor  kq  in  the  image 
force  term  in  order  to  avoid  the  singularity  at  Zp  =  0.  The 
differential  equation  is  run  until  the  critical  velocity  ,  and 
hence  critical  kinetic  energy  l/2mvl)  is  determined  for 
the  particle  to  just  cross  the  barrier.  The  results  are  demon¬ 
strated  in  Fig.  4.  In  the  calculation  we  use  an  electron  mass 
m=l,  in  agreement  with  some  recent  findings. The  nu¬ 
merical  results,  again  plotted  against  exhibit  a  nearly 
linear  behavior,  in  good  agreement  with  the  classical  image 
force  theory.  The  slope  of  the  fit  to  the  numerical  data  is 
equivalent  to  €^^=2.69.  This  value  is  in  very  good  agree¬ 
ment  with  the  value  2.74  extracted  from  the  experimental 
data.  Based  on  the  above  considerations  we  conclude  that  the 
electron-phonon  interaction  is  the  underlying  cause  for  the 
increase  of  from  2.15  to  2.69.  It  should  be  noted  that  in 
the  model  the  upper  cutoff  frequency  of  0.153  eV  for  the 
optical  phonon  mode  was  used.  Both  acoustic  phonon  scat¬ 
tering  and  longitudinal-optical  (LO)  phonon  scattering  occur 
in  Si02,  however,  they  depend  in  a  fundamentally  different 
way  on  the  electron  energy. Since  acoustic  phonons  have 
much  smaller  energies,  they  contribute  little  to  the  energy 
relaxation  rate,  but  lead  to  strong  momentum  relaxation. 
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which  increases  with  electron  energy  and  favors  larger  angle 
scattering.  Therefore  electron  scattering  by  acoustic  phonons 
is  not  considered  in  our  model,  since  when  it  occurs,  the 
electron  will  be  scattered  back  to  the  metal.  In  contrast,  the 
more  energetic  LO  phonons  cause  strong  energy  relaxation 
for  electrons  with  energy  near  that  of  the  dominant  LO 
mode.  With  increasing  electron  energy  LO  phonon  scattering 
rates  rapidly  decrease  due  to  the  polar  nature  of  the  electron- 
phonon  interaction,  and  the  scattering  becomes  increasingly 
forward  oriented.  There  are  two  dominant  LO  phonon  modes 
in  Si02,  with  energies  of  0.063  and  0.153  eV,  that  corre¬ 
spond  to  two  resonances  in  the  dielectric  response.^  Since  the 
electron-LO  phonon  interaction  occurs  only  if  the  electron 
energy  is  comparable  with  that  of  the  phonon  modes,  we 
can  speculate  that  electron-phonon  interaction  may  only  hap¬ 
pen  when  the  electron  approaches  the  barrier  maximum  with 
an  energy  =^0.2  eV.  This  notion  is  consistent  with  the  obser¬ 
vation  that  electrons  at  different  oxide  biases  (leading  to  dif¬ 
ferent  “transit  time”  to  the  barrier  maximum)  experience  the 
same  scattering  rates,  as  manifested  by  the  field  independent 
dielectric  constant  . 

IV.  FINAL  REMARKS  AND  CONCLUSIONS 

The  response  of  a  polarizable  medium  to  a  moving  charge 
is  a  fundamental  phenomenon  in  condensed  matter  physics. 
The  classical  model  presented  in  this  article  was  set  up  to 
describe  a  system  governed  by  quantum  effects.  Neverthe¬ 
less,  the  results  of  an  effective  image  force  dielectric  con¬ 
stant  lying  in  between  the  static  and  the  optical  are  intu¬ 
itively  physical  and  in  agreement  with  our  experimental 
results.  The  reason  for  the  different  values  of  obtained 
from  different  experimental  methods  is  largely  due  to  the 
improved  sensitivity  of  BEEM  to  detect  the  low  energy  elec¬ 
trons  that  barely  surmount  the  barrier.  However  it  should  be 
noted  that  a  quantum  mechanical  treatment  may  be  required 
for  the  real  system.  Provided  the  velocity  of  the  particle  ex¬ 
ceeds  a  certain  limit,  electrons  on  the  metal  surface  are  not 
able  to  follow  the  time  varying  field  of  the  moving  particle; 
in  effect,  the  metal/dielectric  interface  can  no  longer  be 
treated  just  by  introducing  the  image  of  the  particle.^^’^^  The 
concept  of  transit  time  is  not  valid  either.  Since  the  time 
scale  of  the  moving  particle  is  so  short  (10“^^  s),  the  uncer¬ 
tainty  principle  no  longer  allows  us  to  describe  the  particle 
with  a  certain  velocity  at  a  certain  time.  Therefore  the  clas¬ 
sical  treatment  using  trajectories  to  describe  a  particle’ s  mo¬ 
tion  needs  to  be  replaced  by  quantum  mechanic  solutions.  In 
addition,  the  quantum  mechanic  polaron  cloud  surrounding 
the  propagating  particle,  which  modifies  the  particle’s  self¬ 


energy,  may  need  to  be  considered  as  well.  The  latter  issue 
appears  to  be  an  important  consideration  for  low  electric 
fields,  for  which  the  barrier  maximum  lies  deep  within  the 
oxide. 

In  conclusion,  the  article  presents  field  induced  barrier 
lowering  observed  with  the  BEEM  technique.  Calculations 
based  on  the  WKB  approximation  exclude  an  electron  tun¬ 
neling  contribution  to  the  observed  threshold  shifts.  For  the 
Pd/Si02  interface,  a  flat  band  threshold  of  (4.08 ±0.02)  eV 
was  deduced.  A  new  value  of  2.74  for  the  image  force  di¬ 
electric  constant  was  obtained,  which  is  supported  by  a  clas¬ 
sical  model  of  the  retarded  image  force.  As  a  consequence,  a 
deeper  understanding  of  the  dielectric  response  of  a  polariz¬ 
able  medium  to  a  moving  charge  was  achieved. 
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The  oxide-field  dependent  tlireshold  shifts  for  STM  injected  electrons  into  MOS  structures 
follow  classical  image  force  theory,  and  yield  a  dielectric  constant  intermediate  between 
the  optical  and  static  values.  A  theory  based  on  the  classical  equation  of  motion  for  an 
electron  in  the  retarded  phonon  field  gives  results  close  to  these  experimental  findings. 
We  conclude  that  optical  phonons  play  a  significant  role  in  defining  the  potential  seen 

by  electrons  in  Si02. 
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The  response  of  a  polarizable  medium  to  a  moving  charge  has  been  a  fundamental  issue 
for  many  years  [1-8],  and  one  of  considerable  practical  relevance  for  electron  transport 
in  solid  state  devices,  such  as  metal-oxide-semiconductor  (MOS)  and  metal-semiconductor 
structures  [9-16].  The  issue  of  relevance  here  is  the  dielectric  response,  expressed  through 
an  effective  dielectric  constant  8im,  that  determines  the  strength  and  shape  of  the  potential 
sensed  by  an  electron  on  the  dielectric  side  of  a  metal-oxide  interface.  Past  studies  have 
concluded  that  is  given  by  the  high  frequency  or  optical  dielectric  constant  e„p~2.15 
of  the  oxide  (Si02)  in  the  MOS  structure  [9-12],  a  conclusion  that  we  challenge  on  ex¬ 
perimental  and  theoretical  grounds  in  this  letter.  Our  observations  are  based  on  the  direct 
measurement  of  the  electric  field  dependent  minimum  energy  (threshold)  needed  for  an 
electron  to  surmount  the  potential  barrier  of  the  MOS  device.  This  novel  approach  allows 
for  a  direct  evaluation  of  8;,,,  and  sets  the  framework  for  a  theoretical  assessment  of  its 
magnitude  without  the  difficulty  of  solving  transport  equations. 

Changes  in  the  response  of  a  medium  to  a  potential  varying  in  a  time  interval  x  shorter 
than  a  characteristic  response  frequency  are  referred  to  as  dynamic  effects  [1,2].  Such 
effects  are  manifested  by  a  reduced  screening  of  charge  moving  outside  a  metal  surface 
that  results  when  1/x  exceeds  the  collective  response  of  the  metal  electrons  [4,5,6.].  The 
latter  is  described  by  the  surface  plasmon,  whose  energy  hcos  is  of  order  of  several  eV. 

A  different  and  rarely  studied  type  of  dynamic  response  ensues  when  the  vacuum  is  re¬ 
placed  by  a  polarizable  medium  [8],  whose  dielectric  response  is  largely  governed  by 
optical  phonons  of  energies  of  order  of  100  meV.  This  case  is  of  relevance  to  transport 
dynamics  of  low  energy  electrons  injected  into  the  conduction  band  of  Si02  of  a  MOS 
structure.  Within  classical  image  force  theory  the  screening  of  the  combined  metal-oxide 
system  is  represented  by  the  potential  Vi,„(x)  =  -  q/(167i8o8i„,x),  where  q  is  the  electron 
charge,  x  the  distance  from  the  metal  surface  and  8o  the  permittivity  of  vacuum.  Exchange 
and  correlation  effects  in  a  full  quantum  mechanical  treatment  remove  the  singularity  at 


x=0,  a  feature  consistent  with  experiment  [17],  with  the  solution  approaching  the  classical 
form  a  few  Bohr  radii  from  the  interface  [18].  Sin,  is  a  function  of  a  time  dependent  per¬ 
turbation  arising  from  the  electron  traversing  the  interface  region,  and  deviations  from  its 
high  frequency  optical  limit  are  due  to  the  electron’s  ability  to  partially  polarize  the  Si02 
lattice.  It  is  to  be  expected  that  is  dependent  on  the  methods  of  both  electron  injection 
and  detecting  the  electrons  that  reach  the  Si.  Our  approach  of  measuring  transmission 
thresholds  uniquely  establishes  critical  velocities  of  a  go/no-go  transmission  process  over 
the  potential  barrier  that  we  model  in  a  classical  framework  by  solving  the  retarded 
Newton's  equation.  Its  numerical  solution  yields  an  eim— 2.69. 

The  system  of  concern  here  is  a  metal-oxide-semiconductor  (MOS)  structure  comprised 
of  a  Pd  film,  a  Si02  layer  of  thickness  tox  and  a  Si  substrate.  The  application  of  a  voltage 
Vox  across  the  metal  and  silicon  allows  the  combined  image  and  field  potential,  given  by 
V(x)  =  Vim(x)  -  xVox/tox,  to  modify  the  potential  barrier  between  the  metal  and  the  SiOa 
conduction  band  minimum,  as  shown  in  Fig.  1.  The  maximum  Vo  of  the  potential  de¬ 
creases  by  5Vo  with  increasing  Vox  and  its  position  x,,,  moves  closer  to  the  interface: 

5Vo  =  (qVoxMTiej^Sotox)'^^  V;  x^  =  (qto,,/167t£i„,SoV  m.  (la,b) 

The  field  dependent  threshold  potential  is  defined  as  Vti,=Vo-5Vo.  Since  Xm  is  of  order 
of  a  nm,  injected  electrons  with  energy  close  to  eV,h  (measured  relative  to  the  Fermi  level 
Ef  of  the  metal)  will  reach  Xm  in  a  time  scale  shorter  than  l/copi,.  From  estimates  of  this 
time  scale  or  transit  time  x~x„A^,  where  v^,  is  an  average  electron  velocity  in  the  region 
of  the  image  force  (5-10x10^  cm/sec),  it  has  been  argued  that  the  electron  moves  so  fast 
that  the  lattice  polarization  cannot  respond.  Consequently,  such  energetic  electron  is 
screened  only  by  the  valence  electrons  of  the  SiOj,  as  reflected  through  8op  [11].  An  ac¬ 
curate  and  direct  determination  of  the  field  dependence  of  Vo  can  be  used  to  test  this  ar¬ 
gument,  as  the  image  potential  maximum  acts  as  a  high  pass  spectrometer  in  close,  but 
variable  proximity  to  the  metal-Si02  interface.  Here  we  use  Ballistic  Electron  Emission 
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Spectroscopy  (BEES)  to  determine  V,h  directly  and  from  its  field  dependence  we  obtain 
a  dynamic  dielectric  response  8..=2.74±0.1 1  for  SiO.  This  value  lies  between  the  static 
(8s, =3.9)  and  optical  (8op~2)  limits  and  differs  considerably  from  earlier  values  of  2.15 
obtained  by  internal  photemission  [9,10,12].  For  lack  of  a  better  value,  the  latter  has  been 
used  exclusively  in  the  interpretation  of  transport  data  [13,14]  and  in  device  simulations 
by  Monte  Carlo  methods  [16].  The  discrepancy  between  the  two  methods  is  largely  due 
to  the  direct  determination  of  V,„  with  BEES,  which  avoids  the  questionable  curve  fitting 
routines  and  extrapolations  inherent  to  internal  photoemission  [11].  The  latter  thus  de¬ 
termines  a  "threshold"  corresponding  to  quite  energetic  electrons  that  sense  a  dielectric 
response  different  from  that  encountered  by  the  near-threshold  electrons  found  m  con¬ 
ventional  electron  injection  methods. 


BEES  and  sample  preparation  have  been  presented  elsewhere  and  only  a  sketch  will  be 
given  [19].  BEES  is  a  scanning  tunneling  microscope  (STM)  based  method  for  injecting 
hot  electrons  from  a  tungsten  tip  into  the  thin  metal  overlayer  of  an  MOS  structure.  The 
tip  bias  Vt,  referenced  to  the  metal,  reflects  directly  the  energy  eVr  of  the  injected 
electrons.  The  latter  traverse  the  metal  ballistically  and  may  enter  the  conduction  band 
of  the  Si02  for  VT>V,h  (Fig.  1).  Under  the  positive  bias  shown  most  of  the  electrons  that 
have  surmounted  the  barrier  will  be  collected  in  the  Si  substrate  as  a  collector  current  Ic. 
Thus  a  spectrum  of  Vj  vs  Ic  will  show  a  threshold  near  Vt=V„,  beyond  which  Ic  rises. 
The  MOS  samples  were  fabricated  from  rectangular  pieces  of  thermally  oxidized  Si(lOO) 
(phosphorus-doped  to  the  mid  10>^  cm"^),  with  to.=7.5  nm,  onto  which  0.2  mm  cj),  3.5  nm 
thick  Pd  dots  were  evaporated  in  Ultra  High  Vacuum  (UHV)  and  subsequently  transferred 
in  UHV  to  the  STM  chamber.  Typically  16-25  BEEM  spectra  were  measured  for  each 
bias  voltage  Vb,  from  which  Vox  was  calculated  [13,19].  After  a  change  in  Vb,  spectral 
acquisition  was  delayed  by  several  minutes  to  allow  minority  carriers  to  reach  equilibrium. 
Some  5-12  spectra,  each  exhibiting  the  same  low  threshold  within  a  set,  were  averaged 
to  improve  statistics.  The  remaining  spectra  had  thresholds  that  were  larger  by  up  to  se- 


veral  tenth  of  an  eV,  shifts  that  are  attributed  to  electrons  locally  trapped  during  data  ac¬ 
quisition  [20]. 


Representative  spectra  for  Vb>0  and  It=2  nA  are  shown  in  the  inset  of  Fig.  2.  As  the 
oxide  bias  Vb  increases  the  spectra  intensify  and  shift  to  lower  energy.  The  thresholds 
V,h  were  obtained  with  an  accuracy  of  +0.02  V  by  fitting  a  calculated  expression,  based 
on  non-conservation  of  transverse  momentum  [21],  to  the  data  in  the  vicinity  of  the 
threshold  region.  The  positions  of  the  thresholds  are  marked  by  short  vertical  lines  in  the 
inset  of  Fig.  1 ,  and  their  values  are  plotted  in  Fig.  2  as  a  function  of  Vox''-.  A  least  squares 
fit  through  the  data  indicates  a  high  degree  of  linearity  that  agrees  with  the  prediction  of 
classical  image  theory.  A  fit  with  eq.  (la)  overlaps  the  least  squares  fit  to  the  data  for 
eim=2.74±0.1 1.  From  the  zero  field  intercept  we  deduce  that  the  Pd/Si02  barrier  height 
is  4.08  ±0.02  eV.  Contributions  to  Ic  from  electrons  tunneling  through  the  top  of  the 
barrier  have  been  considered,  but  both  WKB  modeling  [22]  and  Monte  Carlo  simulations 
[16]  indicate  that  such  contributions  can  be  neglected  here. 


In  order  to  understand  the  underlying  physics  of  the  experimental  observations  we  develop 
next  a  theory  based  on  the  classical  equation  of  motion  for  an  electron  in  the  retarded 
phonon  field.  The  electron  is  treaded  as  a  classical  particle  with  trajectory  Xe-  We  cal¬ 
culate  its  potential  V(x,t)  and  from  it  the  force  acting  on  the  particle  at  x=Xe.  We  assume 
a  uniform  dielectric  medium  with  a  local  dielectric  response.  The  metal-dielectric  inter¬ 
face  at  x=0  is  represented  through  the  image  potential  of  the  particle.  We  start  with  the 
well  known  formula  [23]: 


V(x,t)  =  W\x,t)  +  ^  jdV  P(x',t)V,,  (1/1^  1 )  , 


(2) 


5 


where  V°  is  the  external  potential  due  to  the  particle  and  image,  switched  on  at  t=0.  The 
induced  polarization  P  is  defined  through  the  local  polarizability  a; 

P(x,t)  =  -  EoJoa(t  -  t')VV(x,t')dt'.  Eq.  (2)  is  solved  by  using  Green's  theorem  and  taking 
the  Laplace  transform,  giving  V(x,p)  =  W[1  +  cx.(p)].  ot  =  ctop  +  otph  is  the  sum  of  the  op¬ 
tical  response,  independent  of  p,  and  the  phonon  response  ttpi,  =  g(0ghV(p2  +  cogi,^),  where 
g  is  the  phonon  coupling  strength  and  co^h  a  bare  phonon  frequency.  Through  the  fre¬ 
quency  dependent  dielectric  function  £(p)  —  Sop  ttph?  if  can  readily  be  shown  that 
g  =  8st  -  Eop-  After  suitable  substitutions  and  inverse  Laplace  transformations,  one  obtains 
the  expression  in  terms  of  the  renormalized  phonon  frequency  cOpi,  =  tt)ph(£st/8op)'^' 


V(x,t)  = 


f’®ph  -  t')lV»(x,t')dt'  .  (3) 

^op  ^St^op  Jq  ^ 


V°  has  contributions  from  the  image  term  oc  q/[x  +  Xe(t)]  and  a  self  energy  term 
oc  _q/[x  -  Xe(t)].  Xe(t)  represents  the  particle  coordinate.  Vsc  leads  to  the  polaron 
cloud  surrounding  the  particle,  a  quantum  mechanical  concept  that  we  neglect  in  our 
present  classical  treatment.  It  should  be  noted  that  the  phonon  contributions  to  the  po¬ 
tential  are  now  explicitly  represented  by  the  integral  term  in  eq.  (3).  The  equation  of 
motion  mXe  =  Force(Xe)  is  obtained  by  differentiating  V(x,t)  w.r.t.  x,  and  setting  x  to  Xe'. 


_ q"  ,  fe.-s.p)  f  q^coph  sin[<0p|,(l  - 1')] 

dt^  ~  16iie„s  (Xe(t)  +  r/]  '•"WsiSop  I  [x^p)  +  Xe(t'))^  + 

•'o 

We  have  included  a  softening  factor  ro  for  the  image  force  to  avoid  its  divergence  at  x=0. 
Its  value  ro=1.33  a.u.  was  chosen  so  that  the  peak  in  V(x,t)  relative  to  the  Fermi  level  in 
the  metal  equals  Vo  («4  V).  A  further  refinement  was  the  replacement  of  the  single 
Einstein  mode  at  copi,  by  a  phonon  spectrum  oc  ©/(oo^  +  (oi)^  whereupon  the  factor 
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copi,  sin(cOpi„t)  becomes  f(t)  =  o)?te-"«';  here  tOc  is  defined  by  the  upper  phonon  cutoff  fre¬ 
quency  of  153  meV  in  Si02  [24].  We  solve  eq.(4)  for  Xe  as  a  function  of  time,  with  the 
initial  velocity  of  the  particle  as  it  enters  the  oxide  as  the  boundary  condition.  For  a  given 
value  of  the  external  field,  the  initial  velocity  is  then  varied  so  as  to  find  the  critical  ve¬ 
locity  to  get  a  trajectory  which  just  makes  it  over  the  barrier.  This  leads  to  the  energy 
plotted  as  the  ordinate  in  Fig.  3.  Two  masses,  m  =  mei  and  m  =  0.5mei  (nriei  is  the  electron 
mass),  were  used,  with  the  results  shown  in  Fig.  3.  The  numerical  solutions  lie  close  to 
a  straight  line  when  plotted  against  Vi?.  From  the  slope  in  the  case  m  -  me,,  which  is  close 
to  the  Si02  conduction  band  mass  [25],  an  image  dielectric  constant  ein.=2.69  was  ob¬ 
tained,  in  very  close  agreement  with  the  experimental  value. 

The  measured  and  calculated  value  for  ei„,»2.7  is  incompatible,  as  mentioned  earlier,  with 
the  transit  time  argument.  Over  the  applied  range  of  Vox  the  variations  in  V.,,  are  relatively 
small  (3.5-4  V),  whereas  x,n  varies  from  ~0.4-2.2  nm.  Consequently,  WI  can  be  treated  as 
nearly  constant.  For  a  value  Wi  ~  8  x  lO’  cm/  sec,  based  on  half  of  the  injection  energy, 
the  range  of  the  transit  time  t  corresponds  to  an  equivalent  impulse  of  1 0cOph-50cOpi„  a 
range  that  is  clearly  in  the  optical  response  range  of  Si02  (eox~2).  The  critical  issue  in 
this  letter  is  not  only  the  intermediate  value  of  but  also  the  experimental  finding  and 
theoretical  corroboration  that  is  essentially  constant  over  the  range  of  applied  Vox. 
This  property  is  again  attributed  to  the  relative  independence  of  Wi  on  Vox,  since  for  short 
transit  times  the  integral  term  of  eq.  (4),  which  is  responsible  for  the  deviation  of  £,„,  from 
the  optical  value  and  represents  the  average  force  exerted  by  the  phonons  on  the  electron, 
can  be  simplified  to  be  occOpi^/v;;-.  Our  numerical  solutions  (not  shown)  further  show  that 
the  average  force  is  constant,  that  is,  it  is  independent  of  the  oxide  field  and  the  value 
of  Xnv  Consequently,  a  new  concept  is  advanced  that  the  dielectric  response  depends  on 
the  nearly  field  independent  mean  velocity  of  the  electron,  rather  than  the  transit  time. 
For  fields  beyond  the  range  of  the  experiment  we  expect  deviations  from  the  observed 
linearity,  a  tendency  already  suggested  by  the  calculated  points  in  Fig.  3. 
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In  summary,  we  have  observed  a  strong  field  effect  in  the  threshold  of  STM  mediated 
current  injection  into  MOS  structures.  The  observed  behavior  is  attributed  to  image  force 
effects,  with  negligible  contributions  from  electrons  tunneling  through  the  barrier.  The 
value  of  the  associated  image  force  dielectric  constant,  intermediate  between  optic  and 
static  limits,  indicates  that  phonon  contributions  cannot  be  neglected.  A  classical  response 
model  supports  this  interpretation  and,  moreover,  yields  a  value  of  8im  in  close  agreement 
with  experiment. 
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Figure  Captions 


Fig.  1.  Schematic  energy  diagram  of  a  BEEM  experiment  on  an  MOS  structure  under 
positive  oxide  bias  Vox-  The  triangular,  dotted  potential  represents  the  barrier  in  the  ab¬ 
sence  of  image  force  effects.  The  threshold  energy  (potential  barrier  height)  is  given  by 
eV,h=eVo-e5Vo. 

Fig.  2.  Observed  threshold  shifts  (•)  obtained  from  fits  to  BEEM  data  (subset  shown  in 
inset)  and  calculated  from  eq.  (1)  (solid  lines)  for  indicated  Sox-  The  dotted  lines  represent 
calculated  thresholds,  via  WKB,  that  include  contributions  from  tunneling  through  the 
barrier,  with  values  of  £ox=2.15,  2.74  and  3.90  used  for  the  three  top  curves;  the  lowest 
dotted  curve  does  not  include  image  force  contributions  (after  ref  22). 

Fig.  3.  Field  induced  barrier  lowering  obtained  by  the  dielectric  response  model  (eq.  4). 
The  slope  of  the  fit  through  the  numerical  results  (•)  for  the  case  m  =  mei,  corresponds  to 
an  effective  8im  =  2.69.  The  two  dotted  lines  correspond  to  the  optical  (upper)  and  static 
(lower)  limits. 
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Ballistic  Electron  Emission  Microscopy  (BEEM)  is  shown  to  be  a  versatile  new  tool  for  the  study  of  hot 
electron  phenomena  in  metal-oxide-semiconductor  structures.  The  elusive  problem  of  measuring  oxide  charge 
distributions  is  largely  overcome  by  suitable  modeling  of  the  field  dependent  threshold  shifts  for  both  pre¬ 
existing  defects  and  stress  induced  traps.  Local  oxide  breakdowns  were  seldom  observed,  and  then  only  after 
injecting  charge  dosages  that  exceeded  by  several  orders  of  magnitude  the  best  values  reported  on  macroscopic 
samples. 


1.  INTRODUCTION 

Virtually  all  knowledge  of  the  electrical  proper¬ 
ties  of  dielectrics  has  been  garnered  from  mostly 
traditional  current-voltage  or  capacitance-voltage 
measurements  made  on  metal-oxide-metal  or 
metal-oxide-semiconductor  (MOS)  sandwich  struc¬ 
tures.  A  microscopic  picture  of  the  fundamental 
processes  governing  the  electrical  properties  on  an 
atomic  scale  was  consequently  deduced  from  such 
averaging  measurements  on  macroscopic  samples. 
However,  with  the  relentlessly  ongoing  reduction 
of  device  dimensions,  local  fluctuations  in  material 
properties  become  increasingly  dominant,  and 
properties  representing  averages  over  macroscopic 
dimensions  become  less  relevant  at  predicting  de¬ 
vice  performance  and  reliability.  Consequently, 
there  exists  a  need  to  investigate  material  issues  of 
thin  Si02/Si  layers  on  a  microscopic  scale. 

The  advent  of  the  Scanning  Tunneling  Micro¬ 
scope  (STM)  provided  the  first  practical  means  of 
investigating  electrical  phenomena  on  solid  surfaces 
with  resolution  of  atomic  dimensions.  Yet  its  ap¬ 
plication  to  the  investigation  of  sub-surface  phe¬ 
nomena  required  another  instrumental  advance  of 
the  STM,  namely  that  of  the  Ballistic  Electron 
Emission  Microscope  (BEEM)  in  1988  [1].  Prima¬ 
rily  used  to  study  transport  phenomena  in  Schottky 
barriers,  the  first  BEEM  applications  on  MOS 
structures  were  reported  for  Au-CaF2-Si  in  1994 
[2],  and  for  Pt-Si02-Si  in  the  following  year  [3].  The 
use  of  an  Atomic  Force  Microscope  (AFM)  to  in¬ 
vestigate  transport  through  thin  Si02  layers  has  re¬ 
cently  been  reported  [4-6].  Whereas  the  AFM 
studies  were  performed  directly  on  the  oxide  using 
a  conducting  cantilever/stylus,  BEEM  requires  a 
conducting  overlayer  to  which  the  STM  tip  bias  is 
referenced.  This  conveniently  allows  an  arbitrary 
choice  of  the  energy  of  the  electrons  injected  by  the 


STM  tip  into  the  MOS  structure.  BEEM  has  several 
additional  advantages  besides  its  unsurpassed  spatial 
resolution,  these  include:  a)  a  relatively  narrow  en¬ 
ergy  distribution  (<0.3  eV)  of  injected  electrons,  b) 
independence  on  oxide  thickness,  with  successful 
BEEM  experiment  reported  on  25  nm  oxide  layers 
[7],  and  c)  independent  control  over  the  injection 
energy  and  oxide  bias,  which  thesreby  increases  the 
accessible  energy  range  and  enhances  experimental 
flexibility.  In  contrast,  the  traditional  Fowler- 
Nordheim  (F-N)  and  photo-injection  methods  de¬ 
pend  solely  on  the  high  oxide  fields  to  accelerate  the 
injected  electrons  to  suitable  energies,  but  at  a  cost 
of  a  position  dependent  kinetic  energy  distribution 
of  the  electrons  that  conaplicates  the  determinations 
of  energy  dependent  properties  [8].  This  method 
of  achieving  hot  electrons  becomes  increasingly 
difficult  for  oxide  thicknesses  tox<100  A,  the  thick¬ 
ness  regime  for  future  VLSI  applications. 

BEEM  has  been  successfully  used  on  MOS 
structures  to  determine  the  energy  and  thickness 
dependent  electron  transmission  probabilities  in 
oxides  [3],  to  visualize  and  quantify  stress  induced 
trapped  charge  [7,9],  and  to  measure  the  dynamic 
dielectric  response  of  Si02  from  the  field  dependent 
image  force  lowering  of  thresholds  [10].  Here  we 
will  describe  the  salient  results  of  recent  BEEM 
studies  of  hot  electron  transport  through  thin  Si02 
layers,  with  particular  emphasis  on  the  generation 
of  trap  states  in  the  oxide  and  related  stress  studies 
that  lead  to  the  eventual  breakdown  of  the  oxide. 


2.  EXPERIMENTAL  DETAILS 

2.1  Ballistic  Electron  Emission  Microscopy 

The  implementation  of  BEEM  differs  from  that 
of  the  conventional  STM  by  the  presence  of  a  thin 
conducting  layer,  usually  a  metal,  deposited  on  top 
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of  the  semiconductor  structure  to  be  measured.  The 
metal  establishes  a  ground  contact  relative  to  which 
both  the  STM  tip  bias  Vt  and  the  oxide  bias  Vox  are 
referenced.  The  tip  bias  thereby  establishes  the  en¬ 
ergy  eVx  of  the  electrons  injected  into  the  metal 
surface.  A  cartoon  of  this  implementation  is  shown 
in  Fig.  la.  For  metal  film  thicknesses  comparable 
or  less  than  the  electron  mean  free  path,  most  of  the 
electrons  will  traverse  the  metal  ballistically  to  reach 
the  far  interface.  If  the  electrons  encounter  a  po¬ 
tential  barrier  at  that  interface,  they  will  backscatter 
unless  their  energy  exceeds  that  of  the  barrier.  In 
this  case  a  fraction  of  the  electrons  will  reach  the 
semiconductor,  from  where  they  emerge  as  a  col¬ 
lector  current  Ic.  Besides  the  conventional  topogra¬ 
phy  mode  of  the  STM,  the  collector  current  Ic  can 
also  be  used  to  provide  contrast  for  a  second,  si¬ 
multaneously  recorded  image  (the  BEEM  image) 
that  represents  the  local  transmission  characteristics 
of  the  semiconductor  structure.  In  the  spectroscopy 
mode  of  BEEM  the  STM  image  acquisition  is  in¬ 
terrupted  at  a  predetermined  location  on  the  surface 
and  Ic  is  measured  as  Vj  is  swept  over  a  voltage 
range  that  includes  the  barrier  potential  maximum. 
Thus  initially  Ic  is  zero  until  Vt  exceeds  a  threshold 
value  Vo  that  represent  the  effective  barrier  potential 
of  the  device  structure.  Vo  can  be  measured  to  an 
accuracy  of  ±0.02  V  [3,9]. 

The  energy  diagram  for  a  BEEM  experiment  on 
a  MOS  structure  is  shown  in  Fig.  lb  for  zero  oxide 
bias  and  near  "flat-band"  conditions  that  apply  for 
a  p-type  Si  substrate  and  a  Pd  gate  [9].  The  curved 
leading  edge  of  the  oxide  barrier  results  from  the 
inclusion  of  image  force  lowering  [10].  The  condi¬ 
tion  for  injection  into  the  conduction  band  of  the 
Si02  is  shown  (Vt>Vo).  The  threshold  for  injection, 
Vo,  is  about  4  V.  A  maximum  tip  bias  of  Vt=13 
V  can  be  achieved  with  our  STM.  The  corre¬ 
sponding  kinetic  energy  Ekm  relative  to  the  Si02 
conduction  band  minimum  is  ~9  eV  for  the  hottest 
carriers  in  the  vicinity  of  the  metal-Si02  interface. 
The  application  of  an  oxide  field  modifies  the 
electron  energies  further  as  they  move  across  the 
oxide.  In  comparison,  the  achievement  of  compa¬ 
rable  energies  by  F-N  injection  into  a  5  nm  oxide 
requires  an  electric  field  of  18  MV/cm,  a  virtually 
unattainable  condition.  The  inclusion  of  both  an 
accelerating  field  (Si  substrate  positive  relative  to 
the  metal),  supplied  by  the  bias  potential  Vb,  and  the 
presence  of  a  negative  oxide  charge  is  illustrated  in 
Fig.  Ic.  The  resulting  potential  is  divided  between 
band  bending  in  the  Si  (shown  here  in  the  accumu¬ 
lation  condition)  and  the  potential  Vox  across  the 
oxide  [3]. 


tip  metal  SiO:  f>-Si 


tip  metal  SiOi  p-Si 


Fig.  1.  Schematic  of  a  BEEM  experiment  on  an 
MOS  structure,  (a):  layout,  showing  electrical  con¬ 
nections.  Energy  band  structure  for  (b):  Vb=0,  and 
(c):  for  Vb>0  and  a  negative  oxide  charge. 


2.2  Sample  Preparation 

Oxide  thicknesses  for  the  studies  reported  here 
ranged  from  3.8  to  7.5  nm.  The  device-grade  Si02 
layers  were  thermally  grown  near  800  °C  in  dry 
oxygen  on  125  mm  Si(lOO)  wafers  doped  in  the  low 
10^^  cm"^  range.  No  additional  treatnients  were 
performed  after  the  oxidation.  Working  samples  of 
-8x15  mm^  were  cleaved  from  the  wafers  and  in¬ 
troduced  into  the  metal  deposition  chamber  of  our 
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ultra-high  vacuum  (UHV)  BEEM/surface  analysis 
system.  Pd  dots,  0.2  mm  in  diameter,  were 
thermally  evaporated  onto  the  Si02  through  a 
shadow  mask.  The  substrate  was  held  near  30  K 
during  deposition  in  order  to  smooth  the  surface 
morphology  of  the  thin  (~35  A)  Pd  films.  This 
process  produced  films  with  a  nodular  structure 
typically  80  A  in  diameter  that  protruded  <10  A 
above  the  valleys,  as  shown  in  the  STM  topograph 
at  the  top  of  Fig.  2.  A  smooth  surface  morphology 
is  needed  to  reduce  BEEM  image  contrast  arising 
from  the  surface  topography  of  the  metal  [3],  which 
cannot  be  eliminated  as  shown  in  the  BEEM  image 
at  the  bottom  of  Fig.  2.  The  finished  sample  was 
allowed  to  warm  up  to  room  temperature  and  was 
then  transferred  under  UHV  into  the  STM  chamber. 


Vt=-6.5  V;  iT=2  nA 


750  k 


Fig.  2.  STM  topograph  (top)  and  BEEM  image 
(bottom)  for  a  4nm  Pd/T.l  nm  SiO2/p-Si(100)  MOS 
structure  stressed  at  Vt=-10  V  over  a  25x25  nm^ 
area  that  clearly  appears  as  an  ~30  nm  oblong  dark 
area  in  the  BEEM  image. 


The  grounding  contact  was  carefully  positioned  onto 
a  selected  Pd  dot  by  means  of  three  orthogonally 
mounted  Inch  worms™,  STM  images  and  sets  of 
BEEM  spectra  were  then  taken,  the  latter  consisting 
of  typically  25-36  spectra  measured  in  a  grid  pattern 
covering  a  25x25  nm^  area. 


3.  BEEM-INDUCED  OXffiE  CHARGES 

3.1  Pre-existing  defects 

It  was  commonly  observed  that  the  thresholds 
in  a  set  of  BEEM  spectra  taken  over  a  25x25  nm^ 
area  varied  among  the  different  spectra  [3,9],  which 
was  attributed  to  local  charging  of  existing  defects. 
This  interpretation  was  deduced  from  the  facts  that 
i)  on  a  virgin  area  of  the  sample  the  first  spectrum 
generally  exhibited  the  lowest  thresholds  which 
could  only  be  duplicated  by  going  to  another  spot 
about  10  nm  away;  ii)  most  subsequent  spectral 
scans  at  nearby  locations  revealed  threshold  in¬ 
creases  that  suggested  the  filling  of  defect  sites  by 
electrons  scattered  from  a  more  distant  location 
during  a  previous  spectral  scan;  and  iii)  a  saturation 
of  the  threshold  shifts  after  several  repeated  scans 
at  the  same  location,  but  at  tip  biases  that  kept  the 
kinetic  energies  of  the  injected  electrons  below  2 
eV.  The  saturation  in  particular  indicates  that  at 
these  low  energies  the  electrons  do  not  seem  to 
generate  additional  trapping  sites  and  that  the 
charging  occurs  at  sites  already  present  at  the  time 
of  the  spectral  acquisition.  We  have  labeled  these 
defects  as  pre-existing  or  process  induced.  Since 
we  only  observed  threshold  increases,  which  corre¬ 
spond  to  an  increase  in  the  oxide  potential  seen  by 
the  traversing  electrons,  we  conclude  that  the 
trapped  charge  is  due  to  electrons  in  the  oxide.  This 
situation  is  schematically  shown  in  Fig.  Ic. 

As  can  readily  be  imagined  upon  inspection  of 
Fig.  Ic,  an  increase  in  the  positive  oxide  bias  will 
pull  down  (decrease)  the  barrier  maximum  at  a  rate 
that  is  directly  proportional  to  the  distance  of  the 
barrier  maximum  from  the  metal-Si02  interface. 
The  barrier  maximum  corresponds  approximately  to 
the  location  of  the  centroid  of  the  charge  distrib¬ 
ution,  a  fact  that  was  used  in  the  past  to  determine 
its  value  from  the  slope  of  the  field  dependent 
threshold  shifts  [7,11],  These  determinations  were 
made  on  relatively  thick  oxides,  for  which  the 
charge  distributions  were  far  from  the  gate.  For  the 
thinner  oxides  discussed  here,  an  appreciable  part 
of  the  total  charge  density  can  reside  within  2.5  nm 
of  the  interface,  particularly  that  near  the  metal  gate, 
where  it  is  subject  to  image  force  effects.  The  re- 
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suiting  potential  in  this  region  is  extremely  dis¬ 
torted,  a  condition  that  worsens  with  increasing 
positive  oxide  bias  (accelerating  fields).  As  a  con¬ 
sequence  the  potential  due  to  the  oxide  charge  (other 
than  a  single  sheet  charge)  is  not  uniquely  described 
by  a  single  centroid,  with  the  consequence  that  the 
threshold  shifts  are  no  longer  linear  with  applied 
oxide  bias.  This  non-linearity  is  clearly  shown  in 
Fig.  3  for  a  7.1  nm  Si02  layer  grown  on  a  p-type 
Si(lOO)  substrate.  We  can  take  advantage  of  the 
image  force  distorted  potential  to  extract  heretofore 
unavailable  information  on  the  charge  distribution 
across  the  oxide.  We  do  this  after  we  develop  a 
distributed  sheet  charge  model  in  section  4  that  in¬ 
corporates  image  force  and  oxide  field  effects. 


Fig.  3.  Field  dependent  threshold  shifts  for  a  Pd/ 
7.1  nm  SiO2/p-Si(100)  sample:  (a)  for  a  charge  free 
sample  (only  image  force  lowering);  (b)  for 
charge-saturated  pre-existing  defects;  (c)  for 
charge-saturated  pre-existing  defects  and  stress  in¬ 
duced  traps. 


The  field  dependent  threshold  shifts  for  the  ex¬ 
isting  defects,  curve  (b)  in  Fig.  3,  was  obtained  in 
the  following  way.  A  virgin  area  25x25  nm^  on  the 
MOS  sample  was  repeatedly  scanned  at  Vt=-6  V, 
It=2  nA  and  Vox=0  until  the  thresholds,  which  were 
measured  after  each  scan,  no  longer  shifted,  that  is, 
the  existing  defects  were  fully  saturated  (the  gener¬ 
ation  of  additional  trap  at  larger  tip  biases  will  be 
discussed  in  the  next  section).  The  oxide  bias  was 
then  stepwise  increased  from  0  to  6  V,  with  a  com¬ 
plete  set  of  BEEM  spectra  taken  over  the  saturated 
region  for  each  bias  value  to  determine  the  thresh¬ 
olds  changes.  These  spanned  a  range  of  -0.5  eV 


over  the  36  measured  spectra  for  each  bias  value. 
Their  distribution,  essentially  Gaussian  over  the 
range  [9],  is  a  measure  of  the  statistical  fluctuations 
of  the  local  charge  at  each  sampling  site.  In  Fig.  3 
we  only  plot  the  values  at  the  peak  of  the  distrib¬ 
ution.  The  extrema  of  the  distributions  exhibit 
identical,  but  displaced  behavior  [9].  It  is  worth 
noting  that  the  spread  in  thresholds  was  reproducible 
at  other,  similarly  saturated  regions  of  the  sample; 
the  spread  thus  represents  a  statistically  meaningful 
range  of  fluctuations  in  charge  density.  For  positive 
oxide  potentials  the  thresholds  shift,  as  expected,  to 
lower  energies.  However,  the  shift  is  non-linear  and 
even  shows  a  tendency  to  saturate  before  exhibiting 
a  further  drop  beyond  Vox=5  V.  At  6  V  the  shift 
corresponds  to  that  for  an  uncharged  sample,  curve 
(a),  that  is  subject  only  to  image  force  lowering 
[10].  The  fact  that  the  values  nearly  coincide  at  6 
V  is  an  indication  that  the  charge-saturated  region 
has  discharged.  If  the  bias  is  now  changed  from 
positive  to  negative  (open  symbols)  a  drastic  in¬ 
crease  in  the  threshold  occurs  that  is  larger  than  the 
increase  expected  from  solely  changing  the  oxide 
potential  (the  "expected"  change  can  be  ascertained 
by  extrapolating  the  slope  into  the  negative  region). 
We  attribute  this  shift  mainly  to  a  change  in  electron 
screening,  an  issue  that  will  be  further  discussed  in 
section  4. 

3.2  Stress-generated  traps 

We  noted  that  when  the  kinetic  energies  of  the 
electrons  injected  into  the  oxide  exceed  2  V,  pro¬ 
nounced  threshold  shifts  in  addition  to  those  dis¬ 
cussed  above  were  observed  [10].  This  observation 
is  a  clear  manifestation  that  additional  charging  oc¬ 
curs  in  the  oxide,  and  moreover  that  it  occurs  at 
newly  created  trap  sites.  The  2  eV  threshold  for 
their  creation  coincides  with  the  value  for  the  well 
documented  trap  generation  process  associated  with 
hydrogen  release  that  is  initiated  through  hot 
electron  impact  near  the  Si02-Si  interface  [12-15]. 

To  assess  the  location  of  the  generated  traps 
through  the  field  dependence  of  the  spectral  thresh¬ 
olds,  we  proceeded  in  a  manner  similar  to  that  used 
for  the  existing  defects.  An  area  of  25x25  nm^  was 
repeatedly  scanned  with  tip  biases  as  large  as  -10 
V,  It=2  na  and  Vox=0.  Sets  of  spectra  were  analyzed 
after  each  scan  to  ascertain  the  threshold  shifts. 
This  procedure  was  repeated  several  times  until  the 
thresholds  stopped  shifting  to  higher  values.  The 
BEEM  image  of  such  a  stressed  area  is  shown  as  a 
darker,  low  transmission  region  in  Fig.  2b.  The  area 
is  larger  than  the  scanned  area  due  to  the  spreading 
of  the  beam  as  it  traverses  the  oxide.  The  oxide 
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field  dependence  of  the  thresholds  was  subsequently 
measured.  Due  to  the  additional  scattering  at  the 
trap  sites  the  net  collector  current  became  rather 
weak,  and  the  mean  value  in  the  distribution  was 
difficult  to  determine.  Hence  we  plot  in  Fig.  3, 
curve  (c),  only  the  minimum  of  the  range  of 
threshold  shifts  (the  maximum  tracks  parallel  to  this 
curve  [10]).  Curve  (c)  is  shifted  higher  in  energy 
by  ~1  eV  compared  to  curve  (b)  for  the  pre-existing 
defects,  a  clear  manifestation  of  the  additional 
trapped  charge  in  the  oxide.  The  overall  shapes  of 
the  two  curves  are  similar,  with  a  noticeably  higher 
slope  for  curve  (c),  which  indicates  that  the  newly 
generated  defects  lie  closer  to  the  Si  interface  (a  unit 
slope  would  mean  that  they  are  at  the  Si02-Si 
interface).  The  steep  drop  that  starts  near  3  V  and 
reaches  the  same  value  as  the  other  two  curves  at  6 
V  is  a  clear  indication  of  charge  detrapping.  Upon 
returning  to  zero  oxide  bias,  these  refill  with  the  first 
spectral  scan  (open  symbols),  but  do  not  quite  reach 
the  value  for  the  fully  saturated  traps.  A  slight 
negative  bias  has  an  even  more  pronounced  effect 
on  the  threshold  shifts  than  for  the  existing  traps. 
This  shift  is  again  attributed  to  the  onset  of  screen¬ 
ing  changes,  which  are  fully  accountable  by  the 
model  that  will  be  discussed  next. 

Before  proceeding,  however,  it  is  worthwhile  to 
discuss  the  significance  of  the  observed  saturation 
in  the  threshold  shifts,  which  indicates  that  the 
number  of  generated  trap  sites  is  limited  as  well. 
This  ceiling  in  trap  generation  indicates  that  the 
process  is  non-intrinsic,  that  is,  limited  either  by 
non-intrinsic  precursors  sites  (some  form  of  defect 
or  impurity)  that  are  activated,  for  the  sake  of  ar¬ 
gument,  by  the  released  hydrogen,  or  alternatively 
limited  by  the  density  of  the  hydrogen  source  (pos¬ 
sibly  Si-H  bonds).  Since  for  metal  gate  (particularly 
Pd)  the  abundance  of  hydrogen  does  not  appear  to 
be  limiting,  we  surmise  that  the  traps  are  associated 
with  a  bulk  defect. 


4.  OXIDE-CHARGE  DISTRIBUTIONS 

4.1  Screened  sheet  charge  model 

The  approach  we  take  here  is  to  model  a  charge 
region  in  the  oxide  by  a  series  of  equally  spaced 
sheet  charges,  calculate  the  potential  of  each  sheet 
charge  subject  to  the  proper  boundary  conditions, 
sum  up  the  potentials  and  add  the  resulting  defect 
potential  to  that  of  the  oxide  barrier.  The  latter  in¬ 
cludes  both  image  force  lowering  and  the  applied 
oxide  potential.  We  then  calculate  the  net  barrier 


potential  of  the  oxide  and  fit,  by  varying  the  charge 
density  and  location,  the  resulting  field  dependent 
maxima  to  the  experimentally  determined  thresh¬ 
olds. 

The  charge  injected  into  the  oxide  covers  an  area 
roughly  circular  with  radius  R~15nm,  as  shown  in 
Fig.  2.  We  then  represent  this  charge  by  several 
sheet  charges  of  density  Gj  that  lie  parallel  both  to 
each  other  and  to  the  interfaces  and  are  located  at 
a  distance  dj  from  the  M-O  interface.  The  potential 
(t)j(dj-x)  due  to  each  sheet  charge  along  the  axial  di¬ 
rection  in  a  medium  with  dielectric  constant  Eox  is 
given  by  [17]: 

(t)j(dj-x)  =  -^{[(dj-x)2  +  r"]’'"  -|dj-x|} 

(1) 

The  two  interfaces  restrain  the  potential  to  boundary 
conditions  (t)j(dj)=0  at  the  M-O  interface,  and 
(t)j(dj-t)~0  at  the  0-S  interface  and  for  Vox>0.  Here 
t  is  the  oxide  thickness.  The  latter  boundary  condi¬ 
tion  assumes  that  the  oxide  potential  drives  the 
semiconductor  into  accumulation,  which  occurs  for 
the  p-type  substrates  used  in  our  studies.  For  Vb<0 
the  Si  at  the  interface  is  not  accumulated  and  the 
potential  remains  finite  until  inversion  is  reached 
(this  condition  was  not  studied  here).  All  these 
boundary  conditions  can  be  addressed  by  using  the 
method  of  images  [17].  Because  of  the  two  inter¬ 
faces,  the  boundary  conditions  require  multi-image 
charges,  that  is,  image  charges  of  image  charges. 
The  net  potential  per  sheet  charge  is  given  by: 

^j(x)  =  <t)j(dj  -x)  -  (t)j(dj  +x)  -  pct)j(2t  -  dj  -x)  + 
p(|>j(2t  +  dj  -x)  -I-  p(|)j(2t  --  dj  +\)  -  p<t)j(2t  +  dj  -l-x)  - 

p^(|)j(4t-dj-x)  +  ....  (2) 

where  p  =  (es  -  £ox)/(£s  +  Eox).  Here  Es  is  the  effec¬ 
tive  dielectric  constant  at  the  Si  interface,  which  is 
assumed  to  be  large  under  conditions  of  accumu¬ 
lation  (Vox>0)  or  equal  to  11.8  otherwise.  In  the 
former  case  p«l,  in  the  latter  p=0,49.  The  first  two 
terms  in  eq.  2  are  the  sheet  charge  potential  and  its 
image  across  the  M-O  interface,  the  remainder  are 
the  consequence  of  the  presence  of  the  O-S  inter¬ 
face.  These  terms  vanish  when  the  interface  is  re¬ 
moved.  This  is  formally  achieved  by  setting 
es=£ox»  which  yields  p=0. 

The  net  potential  due  to  a  set  of  n  sheet  charges 
is: 
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n 

j=l 

This  potential  is  shown  in  Fig.  4  for  two  sets  of  3 
sheet  charges,  each  depicted  by  a  vertical  bar:  the 
dashed  line  labeled  <j)fs  is  for  p=l  (fully  screened  at 
the  0-S  interface),  the  dotted  line  marked  4>ps.  cor¬ 
responds  to  p=0.49  (dielectric  screening  only).  The 
drastic  effect  on  the  potential  near  the  O-S  interface 
is  clearly  seen  as  the  screening  is  changed  upon 
changing  the  carrier  concentration  of  the  Si  at  the 
interface  from  accumulation  (p=l)  to  weak  de¬ 
pletion  (p=^0.49). 


4*2  Field  dependent  oxide  potential  and  fits 

The  total,  position  dependent  potential  U  seen 
by  an  electron  injected  from  the  gate  and  into  the 
oxide  is  the  sum  of  the  "bare"  oxide  barrier  Vo,  the 
field  effect  VoxX/t,  the  dynamic  image  force  lower¬ 
ing  q/(16  Tiex)  [10]  and  Oq: 


V^,,x 

U  =  V, - 


1671£X 


(4) 


J=i 


This  potential  is  shown  as  a  function  of  -0.5<Vox<6 
V  for  two  sets  of  3  charges  each  that  are  indicated 
by  vertical  bars  at  the  bottom  of  Fig.  4.  Their  height 
is  proportional  to  the  charge  density,  with  the  scale 
depicted  on  the  right  margin  of  the  figure.  Their 
strength  Oj  and  position  dj  where  chosen  so  as  to 
give  a  reasonable  fit  of  the  field  dependent  maxi¬ 
mum  of  U  to  the  experimental  data  of  Fig.  3. 

The  fits  were  done  in  the  following  way.  First, 
Oj  and  dj  were  optimized  for  the  maxima  in  U  to  fit 
the  experimental  field  dependence  of  pre-existing 
defects,  curve  (b)  in  Fig.  3,  using  only  the  set  of 
three  sheet  charges  depicted  on  the  left  of  Fig.  4 
(these  potential  curves  are  not  shown).  The  in¬ 
creasing  Oj's  close  to  the  M-0  interface  are  neces¬ 
sary  to  duplicate  the  observed  "softening"  of  the 
slope  in  the  experimental  curve  (b)  as  Vox  increases. 
As  already  discussed  in  section  3,  the  further  low¬ 
ering  of  the  thresholds  for  Vox>4  V  is  attributed  to 
a  field-induced  discharge  of  some  of  the  charge  in 
the  defect  states.  This  situation  is  readily  simulated 
by  either  setting  1  or  2  of  the  Oj's  closest  to  the 
anode  to  zero  for  Vox=5  and  6  V,  respectively,  or 
by  stepwise  reducing  the  Oj's  equally.  For  Vox<0, 
p=0.49  was  used  in  eq.  2.  The  result  of  this  model¬ 
ing  is  shown  by  the  dashed  line  overlying  curve  (b) 
in  Fig.  3.  Changes  of  order  10%  in  the  parameters 
resulted  in  obviously  inferior  fits  to  the  experimental 
data.  Fits  to  the  experimental  results  for  the  gener¬ 


ated  traps,  curve  (c)  of  Fig.  3,  were  accomplished 
by  keeping  the  identical  distribution  and  charge 
density  of  the  pre-existing  traps  and  adding  another 
set  of  three  sheet  charges  positioned  close  to  the 
O-S  interface,  as  shown  by  the  bars  in  Fig.  4.  We 
found  no  justification  for  changing  their  relative  in¬ 
tensity,  which  was  kept  the  same  for  the  three 
components.  Their  strength  and  position,  however, 
was  crucial  to  fit  the  experimental  data.  Again  it 
was  important  to  "discharge"  the  Oj's  for  Vox>4  V. 
For  Vox>5  V  the  generated  traps  were  required  to 
be  discharged  and  only  the  pre-existing  traps  needed 
to  remain  partially  filled  for  the  model  calculation 
to  fit  the  experimental  curve  (c).  Again,  for  Vox<0 
incomplete  screening  was  assumed,  with  p=:0.49. 


x/tox  Normalized  Distance  from  M-0  Interface  ^ 

Fig.  4,  Oxide-bias  dependent  barrier  potential  for 
the  sheet  charge  model  applied  to  a  7.1  nm  oxide. 
The  broken  curves  represent  the  potential  only  due 
to  the  charge,  assuming  full  screening  (([ifs)  and 
dielectric  screening  ((tips)  at  the  Si02-Si  interface. 
Sheet  charge  location  and  density  are  marked  by  the 
six  vertical  bars.  The  density  scale  is  on  the  right. 


The  following  conclusion  can  be  drawn  from  the 
model  fits  to  the  data,  i)  The  pre-existing  defects  are 
close  to  the  M-0  interface  and  exhibit  a  rapidly 
decreasing  density  away  from  the  interface,  ii)  The 
generated  traps  are  located  close,  but  not  at  the  O-S 
interface,  (~2/3  of  the  distance  form  the  M-O  inter¬ 
face).  iii)  The  unexpected  threshold  increases  for 
negative  Vox  can  readily  be  explained  by  assuming 
a  decrease  in  free  carrier  screening  at  the  O-S 
interface,  rather  than  a  filling  of  interface  states  as 
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the  Fermi  level  moves  toward  midgap.  iv) 
Trap/defect  discharging  under  high  positive  bias  is 
the  most  plausible  origin  of  the  observed  field  in¬ 
duced  decreases  in  the  experimental  thresholds. 


5.  BREAKDOWN  STUDIES 

Our  studies  have  shown  that  stressing  an  oxide 
layer  locally  by  injecting  hot  electrons  with  an  STM 
in  a  BEEM  experiment  seldom  leads  to  a  destructive 
breakdown  of  the  oxide,  and  when  these  occur,  the 
net  injected  charge,  often  referred  to  as  charge-to- 
breakdown  or  Qbd,  is  orders  of  magnitude  larger  than 
those  reported  for  F-N  stressing  on  MOS  capacitor 
structures  [18].  We  will  present  here  only  the  sali¬ 
ent  results  of  these  studies,  for  details  the  reader  is 
referred  to  reference  18,  Most  of  our  breakdown 
experiments  were  performed  on  3.8  nm  oxides.  In 
these  experiments  the  tip  of  the  STM  is  stopped  at 
a  chosen  location  on  the  surface,  then  Vt  is  set  to 
a  predetermined  large  value  (in  the  range  of  7-10 
V)  and  the  collector  current  is  integrated  to  deter¬ 
mine  the  charge  injected  into  the  oxide.  The  in¬ 
jection  process  is  interrupted  at  periodic  intervals  to 
measure  the  threshold  position.  The  latter  increases 
initially  and  reaches  a  plateau,  a  trap  generation  and 
filling  process  analogous  to  that  discussed  above. 
If  the  stressing  proceeds  toward  an  eventual  break¬ 
down,  the  thresholds  begin  to  decrease  and  an  in¬ 
crease  in  the  overall  collector  current  is  observed. 
This  second  stage  of  stressing  was  referred  to  as  the 
pre-breakdown  stage  [18].  The  simple  view  was 
taken  that  this  stage  commences  with  the  collapse 
of  the  oxide  barrier,  an  oxide  thinning  process  diat 
consists  of  the  formation  of  regions  of  finite 
conductivity  starting  at  the  O-S  interface.  Addi¬ 
tional  stressing  quickly  led  to  the  breakdown  stage, 
a  total  collapse  of  the  oxide  barrier  that  resulted  in 
a  threshold  of  only  1  eV.  The  net  collector  current 
integrated  to  a  point  Just  prior  to  this  oxide  failure 
defines  Qbd. 

To  compare  the  (Jbd's  with  "best-of-breed"  re¬ 
sults  obtained  by  F-N  stressing,  such  as  those  shown 
by  open  symbols  and  lines  in  Fig.  5  [19],  the  ener¬ 
gies  of  the  electrons  were  converted  to  equivalent 
electric  fields  necessary  in  F-N  stressing  to  field- 
accelerate  the  electrons  to  the  energies  used  in  our 
experiments.  This  conversion  assumes  that  the 
breakdown  process  depends  predominantly  on  the 
energy  of  the  electrons,  and  not  on  the  field.  The 
results  of  our  breakdown  studies  are  shown  by  the 
solid  points  on  the  right  of  Fig.  5.  A  stress  exper¬ 
iment  that  led  to  no  breakdown  is  shown  by  an  open 


circle.  In  order  to  calculate  the  charge  density,  we 
used  Monte-Carlo  simulation  to  calculate  the  area 
(spread)  of  the  electron  beam  at  the  O-S  interface 
[18].  It  is  obvious  by  looking  at  Fig.  5  that  the 
BEEM  initiated  local  breakdowns,  when  they  occur, 
lie  appreciably  above  an  extrapolated  curve  of  data 
obtained  in  a  conventional,  large  area  stressing  ex¬ 
periment.  The  latter  results  were  deemed  to  be 
limited  by  "intrinsic"  properties  of  the  oxide  [19], 
Our  results  clearly  contradict  this  view,  indicating 
instead  that  an  intrinsic  limit  has  not  yet  been 
reached,  and  that  even  in  our  case  breakdowns  are 
still  limited  by  randomly  distributed  defects  and/or 
impurites  of  unknown  origin. 


Fig.  5.  Electric  field  dependent  breakdowns  for 
MOS  structures  of  indicated  thicknesses.  Open  data 
points  and  solid  lines  are  adapted  from  ref,  19,  and 
correspond  to  Fowler-Nordheim  stressing  of 
macroscopic  samples.  The  solid  data  points  are  re¬ 
sults  from  localized  BEEM  stressing  studies.  The 
energies  of  the  STM  injected  electrons  were  con¬ 
verted  to  an  equivalent  field  necessary  to  achieve 
those  energies. 


6.  CONCLUSIONS 

We  have  attempted  to  show  the  versatility  of 
BEEM  to  study  hot  electron  transport  issues  in  MOS 
structures.  The  technique  is  the  first  truly  micro¬ 
scopic  method  that  can  be  used  to  address  a  variety 
of  novel  transport  issues,  including  stress  measure¬ 
ments,  on  device  quality  oxides.  In  particular,  we 
have  shown  that  the  direct  measurement  of  the  oxide 
potential  maxima  (thresholds)  allows  the  determi¬ 
nation  of  charge  densities  profiles  in  oxides.  In 
addition,  we  reviewed  oxide  breakdown  studies  that 
led  to  additional  insights  into  the  breakdown  proc¬ 
ess,  and  which  further  indicated  that  oxide  failures 
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are  still  dominated  by  occasional  defects  and  impu¬ 
rities  in  the  oxide. 
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Degradation  processes  initiated  by  defect  generation  in  device-grade  Si02  were  studied  by 
locally  injecting  hot  electrons  from  a  scanning  tunneling  microscope  (STM)  tip  into  Pd/Si02//?- 
Si(lOO)  MOS  structures.  An  analysis  of  the  emerging  Collector  current  in  the  Si  substrate,  a 
technique  known  as  Ballistic  Electron  Emission  Microscopy  (BEEM),  provides  electron  transport 
information,  from  which  the  oxide  defect  generation  process  was  studied.  The  charging  of  the 
defects  resulted  in  shifts  of  threshold  energies  for  electron  transport  across  the  oxide.  A  novel 
sheet  charge  model  was  developed  to  assess  the  in-depth  distribution  and  charge  densities  in  the 
oxide  from  field-induced  threshold  shifts  obtained  from  experiment.  An  as-fabricated  MOS 
system  with  an  oxide  thickness  of  71  A  was  investigated  and  found  to  contain  existing  electron 
traps  of  charge  densities  in  the  range  (0.7-2. 8)xl0'^  dcvc?  that  are  distributed  within  a  30  A 
region  adjacent  to  the  metal/oxide  interface.  Further  stressing  was  performed  at  zero  oxide  bias 
with  increasing  tip  voltages  of  up  to  -10  V.  New  electron  traps  characterized  by  charge  densities 
of  (1.9-3.6)xl0'^  e/cm^  and  located  within  40  A  of  the  Si02/Si  interface  were  generated  when 
the  kinetic  energy  of  the  electrons  injected  into  the  Si02  conduction  band  exceeded  1.9  eV.  This 
energy  threshold  is  in  very  good  agreement  with  the  hydrogen-release  energy  that  is  frequently 
invoked  to  explain  oxide  degradation. 


L  Introduction 

The  performance  and  reliability  of  modem  metal-oxide-semiconductor  (MOS)  devices 
are  ultimately  dependent  on  the  electronic  properties  of  the  silicon  dioxide,  and  those  of  its 
interfaces  with  the  Si  substrate  and  the  gate  metal  [1].  The  electronic  breakdown  characteristics, 
which  are  determined  by  defects  and  impurities  in  the  SiOi  bulk  or  at  its  interfaces,  become 
increasingly  sensitive  to  local  fluctuations  in  material  properties  as  device  dimensions  are 
reduced  [2-5].  The  present  understanding  of  degradation  and  breakdown  mechanisms  is  largely 
based  on  studies  on  MOS  capacitor  stmctures  with  techniques  such  as  Fowler-Nordheim  (F-N) 
tunneling  injection,  internal  photoemission,  etc.  [6-23].  The  results  of  these  studies  represent 
properties  typically  averaged  over  sampling  areas  of  0.01  to  1  mm^,  which  do  not  necessarily 
reflect  sample  variations  on  a  microscopic  scale.  Further  shortcomings  of  the  standard  electron 
injection  techniques,  including  F-N  tunneling,  require  high  fields  across  the  oxide  to  energize  the 
injected  electrons.  The  high  fields  result  in  position  dependent  kinetic  energy  distributions  of  the 
electrons  as  they  traverse  across  the  oxide  layer.  For  thicker  oxides  the  energies  may  ultimately 
reach  values  sufficient  to  cause  impact  ionization  in  the  oxide  [6-10].  Even  at  much  lower  fields 
the  electrons  still  may  reach  energies  sufficient  to  generate  hot  holes  in  the  Si  by  impact 
ionization,  which  then  can  be  injected  into  the  silicon  dioxide  valence  band  [11,12].  The 
presence  of  diverse  types  of  hot  carriers  complicates  the  determination  of  oxide  degradation 
mechanisms.  The  two  most  popular  models,  referred  to  as  “impact  ionization”  and  “trap 
creation”,  are  both  based  on  strong  electron  heating  in  the  oxide  [6-16].  Impact  ionization  occurs 
when  electrons  in  the  oxide  reach  energies  exceeding  the  Si02  band  gap  energy  of  9  eV,  which  is 
necessary  for  creating  electron-hole  pairs  in  the  oxide.  Electron-hole  recombination  can  then 
create  interface  states  and  electron  traps.  Defects  in  the  “trap  creation”  model  are  generated  by 
hot  electrons  breaking  hydrogen-silicon  bonds  at  the  anode.  The  released  hydrogen  atoms  diffuse 
to  the  cathode  where  they  combine  with  other  hydrogen  atoms  and  escape,  leaving  defects 
behind.  In  this  model  the  energy  of  hot  electrons  has  a  minimum  threshold  of  ~  2  eV  in  order  to 
break  H-Si  bonds.  However,  under  high  field  conditions  the  two  defect  generation  mechanisms 
may  coexist,  which  complicates  the  study  of  the  many  details  of  the  processes.  Moreover,  such 
macroscopic  results  can  not  precisely  describe  microscopic  details  of  broken  bonds,  interface 
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states  and  charge  traps.  In  order  to  understand  oxide  breakdown  from  a  more  fundamental  point 
of  view,  studies  on  a  microscopic  scale  become  necessary. 

In  this  article  we  present  results  from  Ballistic  Electron  Emission  Microscopy  (BEEM) 
studies  of  both  existing  defects  and  the  generation  of  new  defects  in  gate  oxides  and  near  the 
interfaces  of  MOS  structures.  The  results  reported  here  were  obtained  for  a  71  A  gate  oxide.  An 
“as-fabricated”  MOS  structure  was  found  to  have  electron  trap  densities  in  the  range  of  (0.7- 
2  8)xl0’^  e/cm^  that  are  distributed  within  a  30  A  region  adjacent  to  the  metal/oxide  (M-0) 
interface.  New  electron  traps,  observed  as  trapped  charge  densities  of  (1.9-3.6)xl0  e/cm' 
distributed  within  40  A  of  the  SiOa/Si  interface,  were  generated  when  the  energy  of  the  hot 
electrons  exceeded  1.9  eV.  This  value  is  close  to  the  minimum  energy  of  ~  2  eV  required  to 
break  hydrogen-silicon  bonds  [15].  This  process  suggests  that  the  initial  defect  generation,  which 
eventually  leads  to  a  destructive  breakdown  of  the  oxide,  is  associated  with  the  “trap  creation” 
model  by  releasing  hydrogen.  Hole  injection  and  impact  ionization  are  absolutely  excluded  in  the 
present  study,  since  the  stressing  was  carried  out  at  zero  oxide  bias  and  the  kinetic  energy  of  hot 
electrons  was  below  the  threshold  for  band  gap  ionization. 

II.  Experimental  details 

A.  Ballistic  electron  emission  microscopy/spectroscopy  at  various  oxide  fields 

BEEM  is  a  STM  based  microscopy/spectroscopy.  In  this  study  electrons  were  injected 
from  a  STM  tip  into  the  metal  layer  of  a  MOS  structure,  as  shown  in  Fig.  1  (a).  The  sole  purpose 
of  this  metal  layer  is  to  provide  a  potential  reference  plane,  represented  by  the  Fermi  level  in  the 
metal,  which  is  connected  to  ground  in  the  present  case.  With  the  STM  tip  biased  at  Vt  relative 
to  the  Fermi-level  in  the  metal,  the  electrons  tunneling  from  the  tip  into  the  metal  have  a  near¬ 
exponential  energy  distribution  /t  with  a  maximum  kinetic  energy  equal  to  eVj,  as  shown  in  Fig. 
1(b).  In  our  BEEM  configuration  a  maximum  value  of  Vj  =  -13  V  can  be  achieved,  which 
corresponds  to  a  kinetic  energy  of  9  eV  relative  to  the  conduction  band  minimum  of  the  SiOa  for 
the  hottest  injected  electrons.  For  comparison,  to  reach  this  value  in  a  7  nm  oxide  by 
conventional  F-N  injection,  a  field  of  ~  18  MV/cm  would  need  to  be  applied.  A  separate  gate 
bias  Vb  can  also  be  readily  applied  between  the  metal  and  silicon  substrate.  This  allows  complete 
control  over  the  field  in  the  oxide  and  further  modifies  the  electron  energies.  In  general,  the 
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potential  drop  Vox  includes  one  part  from  the  gate  bias  Vb  and  another  part  from  the  difference  in 
workfunctions  between  the  metal  and  Si  substrate.  Since  Vb  affects  both  Vox  and  the  band 
bending  of  the  Si  at  the  SiOrSi  interface,  the  relationship  between  Vb  and  V„x  is  nonlinear  and 
can  obtained  by  solving  Poisson’s  equation  [1, 25].  Thus  the  energy  of  electrons  injected  into  the 
Si02  conduction  band  can  not  only  be  arbitrarily  selected  by  changing  the  tip  bias,  but  also 
independently  modified  by  adjusting  the  oxide  bias,  thereby  increasing  the  accessible  energy 
range  and  allowing  greater  experimental  flexibility. 

The  thickness  of  the  metal  layer  should  be  of  order  of  the  electron  scattering  length  in  the 
metal,  or  preferably  less,  so  that  most  of  the  electrons  traverse  the  metal  layer  ballistically.  In 
order  to  traverse  the  MOS  structure  and  reach  the  Si  substrate,  the  kinetic  energy  of  the  electrons 
must  be  larger  than  the  potential  barrier  height  in  the  MOS  structure.  The  barrier  height  and 
shape  in  MOS  structures  is  a  much  more  complicated  issue  than  for  the  metal/semiconductor 
system.  It  varies  with  the  oxide  bias,  charge  in  the  MOS  system,  work-function  difference 
between  the  metal  and  the  Si  substrate,  and  image  force  effects  at  the  interfaces.  Fig.  1(b)  shows 
the  schematic  energy  band  diagram  of  the  Pd/Si02//7-Si  system  at  Vb=  0.  By  taking  the  potential 
step  Vo  at  the  Pd/Si02  interface  at  zero  oxide  bias  to  be  4.08  eV  [29,  30],  a  band  offset  of  3.2  eV 
at  the  Si02/Si  interface  and  a  Fermi  level  location  ~  0.2  eV  above  the  valence  band  maximum  in 
the  Si  substrate,  a  nearly  zero  work-function  difference  between  Pd  and  p-Si  is  deduced. 
Therefore,  at  zero  oxide  bias  the  bands  of  the  Pd/Si02/p-Si  system  are  essentially  flat.  It  should 
be  noted  that  only  image  force  effects,  but  no  electron  tunneling  through  the  barrier  [29,30]  are 
considered  in  Fig.  1  (b)  and  (c).  For  the  conditions  of  Fig.  1(b),  electrons  need  a  minimum  kinetic 
energy  of  eVo  to  attain  finite  probabilities  for  crossing  the  M-0  interface,  traversing  the  oxide 
and  being  fmally  collected  in  the  Si  substrate  as  a  collector  current  fc.  As  a  function  of  increasing 
Vt,  Ic  is  zero  until  Vt  reaches  the  value  of  the  potential  step  Vo;  thereafter  it  increases 
monotonically.  The  Ic  vs  Vt  spectra  thus  exhibit  a  threshold  at  Vo.  However,  the  location  of  the 
potential  maximum  and  its  height  vary  in  the  presence  of  an  oxide  charge.  An  energy  diagram 
under  positive  oxide  bias  for  an  oxide  film  with  negative  trapped  charge  in  the  central  region  is 
shown  in  Fig.  1(c).  One  can  readily  realize  that  the  effective  barrier  height  Oth  is  strongly 
dependent  on  the  charge  density,  charge  distribution  and  the  applied  oxide  bias.  Assuming  the 
charge  is  distributed  narrowly  (sheet  charge)  and  parallel  relative  to  the  interfaces,  the  effective 


4 


barrier  height  lowering  should  then  be  linearly  proportional  to  the  applied  oxide  bias,  with  the 
slope  of  this  relationship  representing  the  location  of  the  potential  maximum  as  a  fraction  of  the 
oxide  thickness  relative  to  the  metal  interface.  In  other  words,  charge  density  and  charge  location 
can  be  extracted  from  the  field  dependence  of  the  effective  barrier  height.  It  should  be  noted  that 
in  Fig.  1(c)  the  sheet  image  charge  in  the  metal  is  not  depicted.  Its  inclusion  is  necessary  for  the 
interpretation  of  the  BEEM  results,  and  will  be  discussed  in  section  HI.  The  experiment  was 
devised  as  follows.  As  a  first  step,  the  as-fabricated  MOS  structures  (without  any  hot  electron 
stressing)  were  investigated.  The  existing  defects  manifest  themselves  as  negative  charge,  which 
increases  the  effective  barrier  height  and  reduces  the  transmission  probabilities.  The  location  of 
existing  defects  was  extracted  by  analyzing  the  field  dependence  of  the  barrier  height.  Then  hot 
electrons  were  injected  with  a  variable  tip  voltage  of  up  to  -10  eV  in  order  to  stress  the  oxide 
film.  In  this  way,  new  defects  were  generated  and  further  characterized  by  their  field  dependence. 

B.  Sample  preparation 

Device  quality  oxide  layers  were  thermally  grown  near  800  °C  in  dry  oxygen  on  125  mm 
diameter  Si(lOO)  wafers  doped  with  boron  to  about  lO'^  cm'l  No  additional  treatments  were 
made  after  oxidation.  Here  we  report  studies  on  an  oxide  layer  with  a  thickness  U  =  71±1  A.  The 
thickness  was  determined  with  an  ellipsometer.  Approximately  2x12  mm^  pieces  were  cut  from 
the  wafers  and  introduced  into  an  UHV  chamber,  where  Pd  dots,  0.2  mm  in  diameter,  were 
thermally  evaporated  through  a  shadow  mask.  During  deposition,  the  substrate  was  held  at  a 
temperature  of  about  30  K,  which  was  necessary  to  inhibit  surface  diffusion.  A  peak-to-valley 
roughness  of  about  15  A  was  measured  for  a  40  A  Pd  film  thickness.  After  evaporation,  the 
sample  was  allowed  to  warm  up  to  room  temperature  and  was  subsequently  transferred  under 
UHV  into  the  STM  chamber,  where  the  BEEM  grounding  contact  was  gently  positioned  onto  a 
selected  Pd  dot  by  means  of  three  orthogonally  mounted  Inchworms.  MOS  structures  with 
leakage  resistance  ^  lO'^  Q  were  generally  suitable  for  our  studies. 

C.  Data  acquisition 

All  measurements  were  carried  out  when  drifts  caused  by  sample  drift  and  piezocrystal 
creep  were  less  than  1  A/min.  in  both  the  x-  and  y-directions.  The  low  drifts  were  achieved  either 
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by  waiting  until  the  instrument  was  finally  stabilized  or  by  using  drift  compensation.  In  the 
spectroscopy  mode  the  raster  scan  of  the  STM  is  stopped  and  the  collector  current  Ic  is  measured 
as  Vt  is  ramped  over  a  range  that  includes  the  barrier  height.  The  barrier  height  manifests  itself 
as  a  threshold  voltage  in  the  Ic  vs  Vj  scan,  from  which  the  threshold  is  extracted  with  a  model  fit 
to  the  data  [25].  The  fitting  process  ensures  negligible  contributions  to  the  threshold  value  from 
electrons  tunneling  through  the  barrier  [29,30].  The  STM  topographic  images  were  taken  in  the 
conventional,  feedback-controlled  constant  tunnel  current  (It)  mode.  Ic  can  also  be  recorded 
simultaneously,  thereby  generating  an  electron .  transmission  or  BEEM  image  of  the  MOS 
structure.  Both  point  stressing  and  area  stressing,  achieved  by  injecting  hot  electrons  at  a  point  or 
over  an  area  of  250x250  A^,  were  performed.  In  order  to  gain  statistical  information  on  a 
microscopic  scale,  Ic  vs  Vt  curves  were  taken  at  36  points  of  a  grid  pattern  spread  over  a 
250x250  area  of  the  surface,  with  a  spacing  of  40  A  between  points.  It  should  be  emphasized 
here  that  thresholds  were  obtained  from  single  spectral  scans  (no  averages),  since  we  aimed  to 
detect  small  changes  that  contain  important  information  regarding  the  statistical  nature  of 
microscopic  defects.  Therefore  all  threshold  energies  presented  here  have  an  error  bar  of  ±  0.05 
eV.  Further  experimental  details  will  be  given  as  specific  measurements  are  discussed.  Details 
regarding  the  STM  can  be  found  elsewhere  [26]. 

III.  Data  interpretation  and  discussions 

A.  Observation  of  existing  traps  and  mechanisms  of  new  trap  generation. 

As  mentioned  earlier,  the  experiment  was  arranged  to  first  investigate  as-fabricated 
oxides  before  any  intentional  stressing.  The  existing  traps  are  referred  to  as  background  or  initial 
defects/impurities  in  the  oxide  and  at  the  interfaces,  which  are  incorporated  into  the  structure 
during  fabrication  or  processing  and  can  be  easily  charged  up  by  the  injection  of  electrons  or 
holes.  These  defects  vary  with  the  fabrication  process  and  may  be  different  in  sign,  density  and 
location  from  defects  generated  in  aging  studies.  Therefore  we  intent  to  study  first  the  existing, 

electrically  active  defects. 

Fig.  2  depicts  a  set  of  sequentially  taken  BEEM  spectra  that  show  a  monotonic  increase  of 
the  threshold  with  the  number  of  spectral  scan.  These  shifts  clearly  indicates  that  the  mere 
spectrum  acquisition  process  already  begins  to  fill  the  pre-existing  traps.  During  acquisition  of 
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these  spectra  the  STM  tip  was  located  at  the  same  point  over  the  sample,  the  tip  voltage  was 

\m  ed  only  up  to  -6  V  and  the  oxide  bias  was  held  at  zero  in  order  to  prevent  electron  energy 

exceeding  2  eV,  which  is  considered  a  “soft”  threshold  for  generating  new  defects.  Each 

took  less  than  20  s.  After  the  8th  scan  the  energy  position  of  the  threshold  was  stabdized. 

The  increasing  threshold  indicates  that  the  existing  defects  are  electron  traps.  The  final,  stabilized 

rnv  k  ~  5  0  eV  This  value,  however,  varies  not  only  from  one  sample  to  another,  as 
thresholu  energy  ib  ^  . 

presented  in  Fig.  3  (the  data  in  Fig.  2  were  taken  on  sample  1  in  Fig.  3)  but  may  occur  at  different 
locations  on  a  microscopic  scale,  as  illustrated  by  the  spread  in  thresholds  depicted  in  Fig.  4. 
Such  variations  reflect  a  distribution  in  the  local  charge  density  of  the  existing  traps,  as  will  be 


presented  in  section  III-  D- 

After  the  existing  traps  were  saturated  with  electrons,  i.e.  no  farther  shifts  were  observed 
in  the  BEEM  spectra,  hot  electrons  were  injected  with  the  STM  tip  on  purpose  to  stress  the 
oxide  The  stress-induced  defects  manifest  themselves  as  further  shifts  in  the  threshold  energy,  as 
shown  in  Fig.  3.  The  electron  kinetic  energy  on  the  abscissa  of  Fig.  3  is  given  by  eVr-  e®*.  The 
zero  threshold  shift  corresponds  to  the  Pd-SiOr  barrier  height  of  4.08  eV  under  flat  band 
conditions  [29,30].  As  discussed  in  section  II  [Fig.  1  (b)],  the  flat  band  condition  for  Pd/SiOr/p- 
Si  corresponds  to  V,  =  0  V,  with  the  assumption  that  no  trap  filling  has  occuired.  Thus  a 
dlvltion  from  the  4.08  threshold  gives  us  an  indication  that  the  sample  area  below  the  tip  is 
charged.  For  example,  the  first  spectrum  of  Fig.  2  shows  the  threshold  of  4.20  ±  0.05  eV, 
indicating  a  nearly  charge-free  area.  The  curves  in  Fig.  3  show  a  “soft”  threshold  of -1. 9  eV  for 
the  kinetic  energy  of  the  injected  electrons.  The  curves  continue  to  increase  above  this  threshold, 
which  indicates  that  more  defects  are  generated  by  the  increasingly  hotter  electrons.  It  must  be 
noted  that  several  spatially  separated  places  were  investigated  during  hot  electron  stressing.  For  a 
given  electron  kinetic  energy  above  -1.9  eV,  fluctuations  in  the  BEEM  threshold  with  values  as 
low  as  5  0  eV  were  observed  at  several  stressed  points.  Such  extreme  low  values  are  attributed  to 
leakage  of  the  trapped  charge,  a  process  believed  to  occur  in  the  pre-breakdown  region  [28).  The 
data  presented  in  Fig.  3  correspond  to  the  highest  value  measured  at  several  stressing  places  for  a 
given  electron  kinetic  energy.  The  “soft”  threshold  of  -1 .9  eV  can  be  directly  related  to  the  “trap 
creation”  model.  This  model  Implies  that  traps  are  created  by  hot  electron-initiated  breaking  of 
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,  .  Hr„.en  silicon  bonds  at  the  SiO,/Si  interface,  a  process  that  needs  an  energy  of  -  2  eV 

Ih  I  2  ,  consequent, y.  we  can  posh., ate  that  the  newly  generated  traps  are  located  near  the 
Lsi  interface,  a  prentise  that  is  substantta.ed  by  the  fteld  dependent  eager, .ent  presented 

W  the  kinettc  energy  for  bond-breaking  is  referenced  to  *e  potentra,  nraxintunr, 
electrons  of  energies  exceeding  1.9  eV  are  hot  enough  anywhere  in  the  oxide  to  retoe  hydrogen. 

contrast  for  F-N  injection,  the  field  accelerated  electrons  have  a  h.gher  probab.hty  to  release 
hydrogen  Js  they  move  towards  the  anode.  The  defect  generation  process  for  the  present  case  can 
described  as  follows.  Hot  electrons  with  Er  >  1.9  eV  release  hydrogen  both  at  the  M-0 
interface  and  the  SiOs/Si  interface.  Since  the  M-0  interface  is  beheved  to  be  a  much  hydrogen- 
richer  source  [23],  hydrogen  atoms  diffuse  from  there  to  the  S1O2/S1  interface,  w  ere  t  ey 
Ibine  with  other  released  hydrogen  and  escape.  Both  the  hydrogen  releastng  and 
re^mbination  processes  are  potential  defect  generation  mechantsnts. 


a!d  locations,  as  well  as  their  polarity  (electron  or  hole  traps),  are  the 
relevant  issues  in  trap  characterisation  studies.  In  order  to  characterise  ex.st.ng  traps,  the 
following  experiment  was  devised. 

A  pristine  area  of  250  k250  was  first  investigated  in  the  spectroscopy  mode  by 
,  fir;  soectra  in  a  grid  pattern.  The  tip  voltage  was  ramped  from  -2V  to  -6V  m 
rdmirnl  defect  generation.  It  was  observed  that  only  a  few,  but  always  dre  first  of  the 
36  spectra  showed  a  threshold  energy  of  4.05±0.05  eV.  whereas  ntos, subsequent  spectra  a  r^  y 
exhibited  increases  in  thresholds  of-0.5  eV.  This  implies  that  the  electrons  injected  .nto  the  S.Or 
'  during  acquisttion  of  the  first  spectrum  quickly  fill  nearby  ex.st.ng  naps  and 

Zt  tWs  sequence  is  repeated  during  subsequent  spectra,  scans.  This  process  also  ■“  .!»<  m 
r  Lent  case  fire  electron  be^  spread  in  fire  oxide  exceeds  dte  sampling  spacng  of  40  A  a^ 
!  s  also  observed  in  a  previous  smdy  [24].  The  area  was  then  scam.ed  with  a  up  vol.ge  of -6  V 
f ,  further  shifts  were  observed  in  toe  threshold  energies,  which  indicates  that  samrahon  of 

r.rlp  filling  process  was  achieved.  1.  must  be  noted  that  after  sah.ra.ion  fl.e  spread  m  threshold 
energies  of  dte  36  sp^tra  for  each  data  set  exhibited  an  approximate  Gauss.an  dtsmbuhon.  Thetr 
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maxima,  minimum  threshold  energies,  and  that  at  the  distribution  maximum  are  indicated  in 
Fig.  4  by  the  up  and  down  triangles  and  square  symbols,  respectively.  The  achievement  of 
saturation  means  that  the  distribution  does  not  change  with  further  scans;  it  does  not  imply  that 
each  individual  spectrum  shows  exactiy  the  same  tlireshold  energy  as  the  previous  one,  smce  the 
STM  tip  can  not  exactly  approach  the  same  36  sampling  points  between  consecutive  data  sets. 
Such  statistical  results  are  better  than  a  result  from  only  one  stressing  point,  since  they  provide  a 

distribution  of  the  existing  trap  densities  over  a  microscopic  area. 

The  oxide  field  dependent  experiment  was  then  performed  in  order  to  determine  the  trap 
distributions  and  densities.  Identical  grid  patterns  of  36  spectra  were  taken  for  gate  biases  in  the 
sequence  of  1  V  steps  from  0  through  7  V  and  back  to  0  and  -1  V,  which  corresponds  to  external 
oxide  potentials  of  the  same  values.  This  simple  relationship  results  from  the  fact  that  the  Fermi 
level  at  the  interface  remains  near  the  top  of  the  Si  valence  band  ( in  accumulation)  due  to  the 
internal  oxide  field  caused  by  the  trapped  charge.  The  threshold  energies  for  V„  =  7  V  were 
difficult  to  determine  due  to  a  relatively  large  background  leakage  current  and  therefore  were  not 
included  in  Fig.  4.  The  corresponding  STM  topographic  images,  generated  concurrently  with  the 
spectral  set,  were  used  to  check  if  the  tip  stayed  at  the  same  area.  The  results  are  presented  in  Fig. 
4.  It  is  seen  that  all  three  threshold  data  sets:  minima,  maxima  and  distribution  maxima  of  the 
36  spectra  exhibit  almost  the  same  field  dependence  and  are,  moreover,  equally  separated  in 
energies.  This  well  behaved  and  scatter-free  behavior  leads  to  the  following  conclusions;  (a)  the 
consistent  spread  between  extrema  and  the  distribution  maxima,  as  well  as  their  smooth 
dependence  on  V„„  are  weli  represented  by  the  limited  sampling  size  of  36,  that  is,  the  data  is 
statistically  meaningful,  (b)  Although  each  data  set  was  not  taken  at  the  same  points,  the 
locations  where  the  data  sets  were  taken  statistically  exhibited  very  similar  electrical 
environments,  (c)  no  further  trap  filiing  takes  place  when  V„  increases  from  zero,  and  (d)  the 
distribution  of  the  threshold  energies  represents  a  local  fluctuation  of  trapped  charge  densities.  In 
comparison,  the  pure  image  force  lowering  as  a  function  of  the  oxide  field  is  also  indicated  by  the 
solid  circles  in  Fig.  4.  One  readily  sees  that  not  only  its  field  dependence  differs  from  that  of  the 
three  data  sets,  but  that  the  shifts  are  also  much  smaller.  It  should  be  noted  that  this  data  set  was 
taken  from  areas  where  no  trapped  charge  was  present,  as  detailed  in  our  previous  work  [29,30]. 
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As  mentioned  in  section  II  A.,  the  magnitude  of  the  field-dependent  threshold  shifts 
depends  on  the  location  of  the  potential  maximum,  which  m  turn  depends  on  the  charge 
distribution  in  the  oxide.  The  field  dependence  of  the  three  parallel  data  sets  in  Fig.  4  exhibits 
approximately  three  regions,  as  distinguished  by  vertical  dotted  lines.  The  region  of  V„,  ranging 
from  0  to  3  V  has  a  nearly  linear  behavior  with  a  slope  of  -0.3,  while  the  region  for  Vox  >  3  V 
first  shows  a  segment  of  weak  field  dependence  that  is  followed  by  one  of  strong  dependence  and 
eventual  saturation.  When  the  oxide  potential  Vox  changes  from  0  V  to  -1  V,  the  threshold 
energies  increase  by  -  0.6  eV,  a  value  that  is  twice  the  0.3  eV  shift  expected  solely  from  the 

applied  oxide  bias. 

We  can  understand  the  overall  field  dependence  through  a  simple  model  that  will  be 
detailed  in  section  D.  The  model  assumes  that  the  trapped  charge  is  distributed  over  separated 
sheets  of  charge  parallel  to  the  metal/oxide  interface.  When  there  is  only  one  sheet  charge  present 
the  potential  maximum  is  located  at  the  sheet  charge  position,  whereas  in  the  presence  of  several 
sheets  of  charge  the  shape  of  the  total  potential  depends  on  their  relative  strength.  Since  charge  in 
an  MOS  structure  is  spatially  distributed,  a  detailed  rendering  of  its  effect  on  the  potential  can  be 
reasonably  approximated  by  considering  several  sheets  of  charge.  A  few  general  observations  of 
the  field  dependence  of  the  thresholds  are  worth  stating  here.  The  0.3  slope  indicates  that  the 
potential  maximum  in  the  bias  range  0  <  Vox  <  3  V  is  located  around  0.3x71  -  20  A  from  the  M- 
O  interface.  This  is  a  direct  consequence  of  the  reduced  leverage  of  the  applied  oxide  bias  in 
affecting  the  potential  maximum,  whose  position  relative  to  the  M-0  interface  is  directly 
proportional  to  the  slope  of  the  field  dependent  threshold  shifts.  Consequently,  the  closer  the 
barrier  maximum  is  to  the  M-0  interface,  the  smaller  will  be  the  barrier  lowering  for  a  given 
increase  in  oxide  bias.  The  data  up  to  the  V„x  =  3  V  indicates  that  the  effective  barrier  lowering 
caused  by  a  3  V  bias  is  1  V,  which  compensates  the  original  1  V  shift  due  to  trap  filling 
(approximately  the  shift  between  the  solid  circle  and  the  square  at  Vox  =  0  V).  However,  for  Vox  > 
3  V,  the  softening  of  the  curves  implies  that  the  field  no  longer  affects  the  threshold  energies. 
The  curves  bend  down  again  upon  further  increasing  the  bias.  This  is  attributed  to  a 
neutralization  process  and/or  a  discharge  under  high  fields.  It  must  be  noted  that  after  finishing 
the  measurement  at  the  high  fields  and  before  the  bias  was  set  to  -1  V,  three  data  sets  at  Vox  =  0 
V  were  taken  again.  These  points  are  represented  by  open  symbols.  The  square  and  down  triangle 
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,  .a.ed  0  2  eV  higher  than  .he  or.g.nal  posi.io..,  wh.eh  ean  be  assigned  to  a  few  new  .raps 
1  during  .he  nreasuremen.  a.  high  fields.  These  new  .raps  are  believed  .0  be  similar  as 
T  d  in  seclion  III.  C,  The  drama.ie  rnerease  in  .he  .hresholds  for  „ega.ive  bras  ean 
'faTy  be  attributed  to  the  fiUmg  of  additional  electron  traps  close  to  the  oxide/s.hcon 
r.ire'  The  addifional  charge  required  .o  ftrlly  acccun.  for  .he  observed  sh^.  would  exee«l 
,0-  e/cm^  a  value  .ha.  requires  an  exhemely  high  densiry  since  .he  shift  of  Ure  Perm,  level  m  toe 
■s  at  most  a  small  fraction  of  a  volt  by  changrng  the  bras  from  0  to  -1  V  (the 
“  — d  .ha.  the  p-type  S.  a.  .he  .n.erface  is  rn  aceumulahon).  We  attribute  the  excess 
T  Id  shifts  for  negative  bias  as  be.ng  predominamly  caused  by  a  change  ,n  .he  sereenmg 
r.  r^liOr  interface  from  metallic  to  d, electric  as  the  bias  polar,, y  is  changed  from  positive  to 

negative.  This  topic  will  be  discussed  m  section  III  D. 

'  e, .. 

f  pvceeding  1  9  eV.  A  pristine  area  of  250  x25U  A 

Kxf  Vint  electrons  of  energies  exceeuiug  i.y  ^  t' 

"Isen  and  characterized  spectroscopically  in  a  grid  pattern  of  36  sampling  ^ints  that 

"  ^  on— C  vlles  Of  up  to  .10  V  and  with  .  =  0  V.  36  spectra 

entire  area  in  q 

Ihl  TlTMowed  a  behavior  similar  to  that  shown  in  Fig.  3.  Finally,  the  area  was  fttrther 
r  -.h  V  =  -10  V  until  no  more  shifts  in  the  threshold  distributions  were  observed.  For 
7”  0  Z  saturated  distribution  corresponds  to  the  maximum  and  minimum  threshold  energy  of 

77va!d60eV,asindicatedbyupanddowntrianglesinFig.5.respectively.lncomp^sonm 

Fig  4  the  larger  threshold  shifts  clearly  indicate  that  new  electron  traps  were  genemte  y  t  e 
hot  el'ectrons.  Then  the  field  dependent  experiment  was  —  ^-tra  over  toe^..  36 

rt.  tVien  taken  in  a  series  with  Vox  equal  to  0,  1 ,  2,  3,  4,  5,  6,  7,  0,  a 
sampling  points  were  ^ 

Due  to  instabilities  of  the  trapped  charge,  data  sets 

the  36  spectra  exhibited  reliable  threshold  characteristic.  Consequently  not  enough  data  wer 
available  to  determine  a  statistic  distribution  of  thresholds.  Therefore  only  the  m»,mum  an 
minimum  threshold  ener^es  are  presented  in  Fig.  5.  The  observed  noise  toe  spectra 
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attributed  to  charging  and  discharging  of  the  new  traps  at  high  oxide  fields,  a  process  that  can 
happen  when  the  trapped  charge  is  located  close  to  the  oxide/silicon  interface,  or  to  charge 
neutralization  via  hot  hole  injection  from  the  Si  valence  band.  Although  the  data  sets  are  not 
extracted  from  good  statistical  distributions,  they  still  show  the  same  field  dependent  behavior, 
which  leads  us  to  conclude  that  their  separation  adequately  describes  the  maximum  and 
minimum  densities  of  the  trapped  charge.  One  sees  in  Fig.  5  that  the  field  dependence  is  in 
general  similar  to  that  of  Fig.  4,  but  the  magnitude  of  the  shifts  are  considerably  larger.  In 
comparison,  the  field  dependent  pure  image  force  effect  is  also  shown  by  the  solid  circles  in  the 
Fig.  5.  The  observed  field  dependence  is  also  divided  into  three  regions,  a  nearly  linear  region 
with  a  slope  of  ~0.6  between  0  -  2.5  V,  a  region  for  Vox  >  2.5  V  that  exhibits  first  a  weak  field 
dependence  and  then  a  much  stronger  one,  and  another  region  for  Vox  between  0  and  -1  V  where 

the  threshold  energy  dramatically  increases  by  1 .3  V. 

From  the  slope  of  0.6,  we  deduce  that  the  potential  maximum  for  Vox  between  0  -  2.5  V 
is  located  at  ~30  A  from  the  SiOa/Si  interface.  A  softening  of  the  field  dependence  at  ~2.5  V 
indicates  that  the  maximum  in  the  potential  barrier  shifts  closer  to  the  M-0  interface,  which 
implies  a  distributed  oxide  charge.  At  still  higher  oxide  fields  the  increased  rate  of  threshold 
shifts  is  again  interpreted  in  terms  of  charge  loss  (neutralization  or/and  discharging).  This  high- 
field  induced  effect  is  also  reflected  in  the  -0.5  eV  lower  threshold  energies  at  Vox  =  0  V  after 
high  fields  have  been  applied  (open  symbols).  The  dramatic  increase  for  negative  bias  is  largely 
attributed,  as  will  be  discussed  in  the  next  section,  to  changes  in  the  screening  mechanism  at  the 

SiOa/Si  interface. 

D.  Sheet  charge  model:  charge  density  determination 

Although  oxide  charge  is  expected  to  be  distributed  over  some  depth,  it  nevertheless  can 
be  reasonably  approximated  by  one  or  more  sheet  charges  so  located  that  their  resulting  potential 
can  describe  the  experimental  observations.  From  previous  discussions  of  the  field  dependence 
of  the  BEEM  thresholds  (Figs.  4  and  5)  for  0  <  V  <  3  V,  it  was  concluded  that  a  constant  slope 
implies  a  specific  position  of  the  potential  maximum  relative  to  the  M-0  interface.  In  this  case  a 
single  sheet  charge  located  at  the  potential  maximum  would  give  a  suitable  potential  profile.  We 
model  a  single  sheet  charge  in  the  oxide  by  considering  it  as  a  disk  of  radius  R  parallel  to  the 
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oxide  interfaces,  of  charge  density  oj  and  located  at  a  distance  dj  from  the  M-O  interface.  The 
potential  «dj-x)  along  the  axial  direction  x  in  an  infinite  dielectric  medium  of  dielectric  constant 


Sox  is  given  by  [31]; 


11/2 


d j  -  x' 


(1) 


where  s  =  sos««.  a  represents  the  permittivity  of  free  space.  The  real  potential  <I>j(x,dj)  must  be 
zero  at  both  interfaces  because  of  metallic  screening.  These  boundary  conditions  are  satisfied  by 
using  the  method  of  images  [31],  which  is  accomplished  by  adding  the  potentials  of  the  image 
charges,  including  those  from  higher  order  terms  (images  of  images,  etc.): 


-  d,  +  x)  +  '|>,(2t„  +  dj  +  x)]  +  ■  ■  ■ 


(2) 


Here  s=(Bs-eo,)/(6s+aox)  i*  *e  effective  screening  factor  at  the  0-S  interface,  with  e,  an  effective 
dielectric  constant  of  the  semiconductor  at  the  interface.  For  accumulation  (or  strong  inversion) 
8.  is  assumed  to  become  very  large,  so  that  s->l  (metallic  screening).  For  8,=6si=l  1.8,  s=0.5. 
The  profile  of  the  resulting  potential  for  a  single  disk  shaped  sheet  charge  is  triangular,  with  the 
maximum  (apex)  at  the  location  dj  of  the  sheet  charge.  In  general,  one  can  approximate  the 
potential  from  a  charge  distributed  along  x  by  summing  over  a  senes  of  potentials  ansing  from  j 
individual  sheet  charges;  <Ib  =  Z<t>i  •  The  barrier  potential  U  is  obtain^  by  adding  <br  to  the  sum 
of  the  barrier,  field  and  image  force  potentials  for  the  injected  electron: 

C/  =  <l>,  +  K,-F„x/r„-«/(16rt8x)  P) 


As  discussed  earlier  in  reference  to  Fig.  4,  the  potential  maximum,  judged  from  the  slope  in  0-3 
V  bias  region,  is  -4).3t„  or  -20  A  from  the  M-0  inter  face.  A  single  sheet  charge  was  placed  at 


this  position  (di)  and  its  strength  adjusted  so  that  the  total  barrier  potential  U  in  eq.  (3)  matches 
that  of  the  experiment  for  V„  =  0.  A  single  sheet  charge,  however,  overextends  the  region  over 
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which  the  slope  equals  0.3  in  Fig.  4.  In  order  to  account  for  the  observed  saturation  for  Vox  >  3  V, 
the  potential  Or  must  bulge  in  the  region  of  x  <  d,.  This  occurs  only  if  additional  negative  oxide 
charge  is  located  within  d,,  which  will  be  represented  here  by  a  second  sheet  charge  placed  at 
d2/to  =  0  1 1  (  ~8  A).  Its  density  02  is  adjusted  to  mimic  the  softening  observed  in  Fig.  4  for  Vox 
>  3  V.  For  a  good  general  fit  to  the  data,  a  third  sheet  charge  was  required  beyond  d|/tox=0.3, 
specifically  at  d3/tox=0.41.  The  aj 's  were  varied  for  an  optimal  fit  to  the  data  of  Fig.  4  (solid 
squares),  with  relatively  little  freedom  in  the  choice  of  the  parameters.  The  net  potential  arising 
from  the  three  sheet  charges,  indicated  by  the  vertical  bars  in  Fig.  6,  is  shown  as  curve  O^,  where 
the  subscript  refers  to  the  choice  of  lull  (metallic)  screening  at  both  interfaces.  The  field 
dependent  representations  of  the  full  barrier  potential  U  (eq.  3)  are  shown  as  well  in  Fig.  6.  The 
changing  role  of  each  sheet  charge  in  determining  the  potential  maximum  as  Vox  is  increased 
from  zero  is  clearly  evident  in  the  figure.  The  right-most  sheet  charge  dominates  for  0  and 
negative  bias;  the  center  charge  dominates  to  Vox~3  V,  beyond  which  the  innermost  sheet  charge 
takes  over.  However,  the  subsequent  rate  of  threshold  lowering  remains  relatively  weak  and  does 
not  account  for  the  drop  beyond  5  V  observed  in  Fig.  4.  This  can  only  be  explained  by  a  decrease 
in  charge  density  (neutralization  or  discharging)  under  the  highest  field  conditions  (Vox=6  V), 
which  can  readily  be  simulated  by  lowering  the  net  charge  residing  in  the  three  sheets  to  50%  of 
its  value.  This  reduction  of  the  charge  can  conceptually  occur  either  through  field  ionization  or 
neutralization  by  hot  holes  injected  into  the  oxide  from  the  Si  anode.  Since  prolonged  high-field 
exposure  without  electron  injection  did  not  affect  the  thresholds  measured  subsequently  at  Vox=0, 
we  tend  to  ascribe  the  charge  reduction  to  hole  injection.  Hole  creation  and  injection  is  the  result 
of  electron-hole  pair  creation  in  the  Si  by  impact  ionization  of  hot  electrons  coming  from  the 
oxide.  This  process  is  quite  efficient  for  electrons  with  kinetic  energies  >5  eV  in  the  oxide  [32]. 

As  pointed  out  earlier  in  the  discussions  of  Figs.  4  and  5,  the  large  threshold  shifts  for 
negative  bias  appear  to  be  anomalous,  as  the  expected  shifts  would  lie  closer  to  values  obtained 
by  extrapolating  the  positive-biased  segments  of  the  curves  near  zero  into  the  negative  region.  A 
sudden  inrush  of  negative  charge  into  the  oxide  at  the  0-S  inteiface  is  unlikely,  as  this  would 
suggest  an  interface  trap  density  of  the  order  of  lO'^  /cm^  -eV  near  the  Fermi  level.  However,  the 
negative  bias  does  have  the  tendency  to  move  the  Fermi  level  out  of  the  valence  band,  which 
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drastically  affects  the  hole  density  in  the  Si  at  the  0-S  interface  (because  of  the  oxide  charge  the 
Fermi  level  remains  near  the  top  of  the  valence  band).  The  decrease  in  the  interface  hole  dens.ty 
has  the  effect  of  reducing  the  screening,  which  is  described  by  the  parameter  s  in  eq,  (2).  A  value 
of  s=0.7  was  used  to  account  for  the  observed  threshold  shifts  for  V,.-  -1  V.  The  resultmg 
change  in  the  oxide-charge  potential  is  seen  in  the  dotted  profile  marked  Op.  in  Fig.  6,  as  well  as 
in  the  barrier  potential  shown  by  the  top-most  dashed  curve.  Op.  includes  a  contribution  from  a 
dipole  charge  of  3xl0'^  e/cm^  located  at  x/V=0.8  that  is  necessary  to  maintain  band  off-sets  at 
the  interface.  Its  effect  is  seen  by  the  slight  kink  in  the  two  broken  cuntes  of  Fig.  6.  The  maxima 
in  the  oxide  barrier  potentials  of  Fig.  6  are  depicted  in  Fig.  4  by  the  dashed  line.  A  similar 
treatment  was  followed  for  the  generated  defects,  which  were  represented  by  an  additional  three 
sheet  charges  We  show  here  only  the  results,  which  are  represented  by  a  dashed  line  in  Fig.  5  for 
die  data  corresponding  to  the  lower  limit  in  shift  distributions.  The  parameters  used  to  calculate 
the  various  potentials  for  both  figures  are  summarized  in  Table  1.  It  should  be  pointed  out  that 
other  profiles  and  distributions,  such  as  spreading  the  charge  over  much  broader  regions  across 
the  oxide  gave  decidedly  poorer  fits  to  the  experimental  data,  which  in  most  cases  could  only  be 
fitted  ovJr  a  narrow  bias  range.  The  radius  R=16  nm  for  all  sheet  charges  was  chosen  to  give  an 
area  equal  to  the  scanned  and  stressed  areas  used  in  the  experiments  to  generate  the  data  for  Figs. 

4  and  5.  This  value  was  extracted  from  the  transmission  image  of  the  stressed  area  shown  in  Fig. 

Several  conclusions  may  be  deduced  from  the  results  of  the  modeling.  The  obtained 
densities  and  location  of  existing  traps  near  the  M-0  interface  are  consistent  with  previous 
observations  on  metal  gated  MOS  structures  [32J.  Secondly,  the  trap  densities  near  the  M-O 
interface  remain  the  same  after  the  hot  electron  generation  of  new  traps  (in  Table  I,  oj  for  existing 
traps  remains  the  same  in  both  columns).  This  means  that  hot  electron  stressing  does  not  generate 
additional  traps  near  the  M-0  interfiice,  which  supports  our  original  interpretation  that  these  traps 
pre-existed  the  BEEM  experiment.  Finally,  the  densities  and  location  of  the  generated  traps  are 
not  inconsistent  with  conclusions  obtained  with  the  hydrogen  release  model,  which  proposes  a 
dangling  bond  origin  of  the  traps  as  the  hydrogen  atom  is  stripped  from  the  passivated  Si-H  bond 

near  the  Si02/Si  interface. 
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E.  Imaging  charged  traps  ^ 

After  completing  the  field  dependent  stress  experiment,  a  large  area  of  750x750  A  that 

included  the  stressed  area  of  250x250  A’  was  imaged  simultaneously  in  the  topographic  and 
BEEM  transmission  modes,  as  shown  in  Fig.  7,  The  stressed  area  is  seen  as  a  low  transmission 
region  of  approximately  320x320  k\  The  observation  of  a  low-transmission  region  that  is  larger 
than  the  stressed  area  is  attributed  to  a  lateral  spread  of  the  electron  beam  injected  into  the  S1O2 
conduction  band  during  the  stressing  and/or  the  data  acquisition  process.  It  should  be  noted  that 
before  stressing  the  BEEM  image  of  this  area  only  exhibits  a  contmst  resulting  from  the  nodular 
character  of  the  Pd  surface,  as  is  sull  evident  in  the  periphery  of  the  BEEM  image.  Stressing  at 
one  point  was  performed  several  times.  An  analysis  of  the  threshold  shifts  in  the  proximity  of  the 
stressing  point  indicates  a  beam  spread  of -100  A,  a  value  that  can  explain  the  large  area  of  low 
BEEM  transmission  in  Fig.  7.  We  would  like  to  emphasize  that  at  least  for  thick  oxides,  besides 
the  influence  of  the  metal  topography  on  the  BEEM  image,  such  a  big  beam  spread  is  another 
critical  obstacle  to  the  observation  of  individual  traps,  which  would  be  a  highly  desirable 

achievement. 


IV.  Summary 

We  have  used  a  STM  tip  to  locally  injected  electrons  into  MOS  structures  consisting  of  a 
35  A  Pd  layer  on  a  71  A  oxide,  with  the  intent  of  studying  defects  and  defect  generation  in  SiO; 
gate  oxides  on  a  microscopic  scale.  Electron  transport  processes  were  studied  by  analyzing  the 
BEEM  collector  cuirent  emerging  from  the  Si  substrate.  In  particular  the  shifts  in  thresholds  were 
investigated  that  resulted  from  increases  in  the  oxide  potential  due.Io  the  presence  of  trapped 
charge  A  model  was  developed  for  the  dynamic  oxide  potential  profile  that  includes 
contributions  from  the  oxide  charge,  field  effects  and  image  force  (screening)  effects  from  the 
interfaces  From  the  observed  field  dependence  of  the  thresholds  and  suitable  modeling,  charge 
profiles  and  charge  densities  were  deduced.  The  “as-fabricated”  MOS  structures  exhibited 
charged  electron  trap  densities  of  (0.7-2.8)x|0'’  e/cm^  that  were  distributed  with  decreasing 
density  within  30  A  of  the  M-0  interface.  Stressing  with  hot  electrons  of  energies  exceeding  1.9 
eV  generated  new  electron  traps,  which  manifest  them^lves  as  a  trapped  charge  density  of  ( 1 .9- 
3,6)xl0'’  e/cm"  located  within  40  A  of  the  SiOz/Si  interface.  The  value  of  1.9  eV  is  in  excellent 
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agreement  with  the  minimum  energy  of  -2  eV  required  to  break  hydrogen-silicon  bonds.  The 
electrically  stressed  area  was  observed  microscopically  as  a  region  of  low  transmission  that 
results  from  the  presence  of  electrons  captured  by  the  traps  in  the  oxide. 

We  benefited  from  discussions  with  D.J.  DiMaria,  D.A.  Buchanan  and  E.  Cartier.  This 
research  was  supported  by  the  Office  of  Naval  Research  under  contract  N00014-95-C-0087. 
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Figure  captions 


Fig. 


I.  (a)  Schematic  representation  of  BEEM  experiment  on  an  MOS  structure,  (b)  scitemattc 


energy  band  diagram  of  a  charge-free  MOS  system  at  =  0.  (c,  energy  band  diagram  of  a  MOS 
structure  with  a  sheet  of  negative  trapped  charge  in  the  oxide  and  under  a  positive  oxide  bias. 


Fig.  2.  BEEM  spectra  taken  seqnentially  at  the  same  sampling  point  of  a  Pd/SiOt/p-Si  structure. 
Vr  ranged  torn  -3  V  -6  V  and  It  =  2  nA.  It  should  be  note  that  only  the  range  of -3.9  V  -  -5.5V 
of  Vt  is  shown  here.  Threshold  energies  of  the  spectra  are  marked  by  vertical  dotted  bars. 


Fig.  3.  Charge  induced  threshold  shifts  as  a  function  of  electron  kinetic  energy  Er  =  Vt  -  ®ts. 
Both  curves  corresponding  to  sample  1  (circles)  and  sample  2  (squares)  show  a  “soft”  threshold 
at  -1.9  eV  beyond  which  the  BEEM  thresholds  again  increase. 

Fig.  4.  Threshold  shift  as  a  function  of  applied  oxide  bias  obtained  from  an  area  of  250x250 
where  existing  traps  were  filled  up  with  electrons  at  Vt  =  -6  V.  The  area  was  sampled  in  a  grid 
pattern  of  36  spectra.  The  observed  threshold  shifts  exhibited  Gaussian  distributions.  The 
symbols  correspond  to  the  maximum  (a)  and  minimum  (t)  threshold  shifts,  as  well  as  to  the 
distribution  maximum  (.)  within  a  36  spectral  data  set.  The  threshold  shifts  due  to  pure  image 
force  effects  are  also  shown  (•).  The  dotted  curve  was  obtained  with  the  sheet  charge  model 
presented  in  section  ID  D.  Two  dotted  vertical  lines  indicate  three  different  region  of  the  field 

dependence. 
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Fig.  5.  Threshold  shift  as  a  fiinction  of  applied  oxide  bias  obtained  from  an  area  of  250x250 
that  was  stressed  by  hot  electrons  with  Vt  up  to  -10  V.  The  area  was  sampled  in  a  grid  pattern  of 
36  spectra.  The  threshold  shifts  exhibited  Gaussian  distributions.  Up  and  down  triangles  and 
circles  correspond  to  the  maximum  and  minimum  threshold  shifts  and  threshold  shifts  due  to 
pure  image  force  effects,  respectively.  The  dotted  curve  was  obtained  with  the  sheet  charge 
model  presented  in  section  HI.  D.  Two  dotted  vertical  lines  indicate  three  different  region  of  the 

field  dependence. 

Fig.  6.  Field-dependent  barrier  potentials  calculated  with  the  sheet  charge  model  (eq.  3)  for  the 
saturated  existing  traps  in  a  MOS  structure  with  a  71  A  oxide.  The  heavy  vertical  bars  show  the 
sheet  charge  placements  necessary  to  explain  the  experimental  field-induced  threshold  shifts  of 
Fig.  4.  Their  resulting  potentials  are  shown  at  the  bottom  as  Ofs  and  Ops  that  represent, 
respectively,  full  and  partial  screening  at  the  0-S  interface.  Partial  (dielectric)  screening  applies 
only  for  the  dashed  curve  for  Vox=  -1  V;  the  solid  curve  assumes  full  screening. 


Fig.  7.  750x750  STM  topography  (a)  and  BEEM  image  (b)  of  a  40  A  Pd/71  A  SiOa/p-Si 
structure  stressed  by  hot  electrons  with  Vt  of  up  to  -10  V.  Black-white  range  over  the  image  is  32 
A  in  topography,  and  20  pA  in  BEEM.  Vt  =  -7  V,  It  =  2  nA,  V,  =  0  V.  The  stressed  area  is  seen 

as  a  lower  transmission  region  of  -320  A  diameter. 
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TABLE  1.  Results  from  the  sheet  charge  model  for  charge  in  an  as-fabricated  MOS  structure, 
column  1,  and  charge  generated  by  stressing,  column  2.  The  dash  line  separates  the  model 
parameters  of  the  pre-existing  defects  (top)  from  those  of  the  generated  defects.  3  sheets  of 
charge  are  used  to  represent  the  distributions  of  each  type  of  defects,  a  (range)  is  the  range  of 

total  charge  density  necessary  to  represent  the  maxima  and  minima  distributions  for  pre-existing 
(Fig.  4)  and  generated  defects  (Fig,  5). 
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Threshold  shifts  with  scans  of  from  -3V  to  -6V 


induced  threshold  shifts  for  71 A  SiO^ 


large 


Electron  Kinetic  Energy  =  (eV) 


ergy  (eV) 


0  1  2  3  4  5  6 


Oxide  Potential 


h-^.  sr 


arging 


TABLE  I. 


as-fabricated 

sample 


aj  (e/cm^)xlO'^  9.8,  7.6,  5.4 

dj/tox  0.11,0.26,0.41 

or  (e/cm^)  (range)  (7-28)xl0‘^ 


aj  (e/cm^)xl0'^ 
dj /tox 


cT  (e/cm^)  (range) 


stressed 


sample 


9.8,  7.6,  5.4 

0.11,  0.26,  0.41 
(7-28)xl0‘^ 


6.6,  6.9,  5.8 
0.55,  0.70,  0.85 

(19-36)xl0'^ 


Appendix  7 


Localized  electron  trapping  and  trap 


distributions  in  SiOa  gate  oxides 
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Localized  trap  filling  and  trap  creation  in  Si02  were  investigated  by  injecting  electrons  into 
metal-oxide-semiconductor  structures  with  a  scanning  tunneling  microscope.  The  resulting 
charging  causes  changes  in  the  oxide  potential  that  were  studied  as  a  function  of  an  applied 
oxide  field.  The  charge  densities  and  charge  distributions  were  obtained  by  modeling  the  field 
dependence  of  the  potential  arising  from  multiple  sets  of  sheet  charges  in  the  oxide. 
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The  distribution  of  trapped  charge  in  the  oxide  layer  of  a  metal-oxide-semiconductor  (MOS) 
structure  has  been  virtually  impossible  to  determine  with  conventional  transport  methods  on 
relatively  thick  oxides  and  only  its  centroid  could  be  established.' We  report  here  trapping  in 
SiOz  during  electron  injection  with  a  scanning  tunneling  microscope  (STM)  and  the  determi¬ 
nation  of  the  trapped  charge  density  and  its  distribution.  Both  pre-existing  (process  induced) 
and  stress-generated  traps  were  observed.  The  trapped  charge  strongly  affects  the  local  potential 
seen  by  the  injected  electrons,  which  is  fiirther  modified  by  the  combination  of  an  applied  oxide 
field  and  image  force  effects  arising  fi-om  the  nearby  interfaces  (Schottky  effect).  We  use 
Ballistic  Electron  Emission  Microscopy  (BEEM)  in  conjunction  with  the  Schottky  effect  to 
probe  the  oxide  potential.  From  model  calculations  of  the  potential  and  fits  to  experiment  we 
then  deduce  the  charge  densities  and  distributions  in  the  oxide. 

In  BEEM  electrons  are  injected  with  a  STM  tip  into  the  metal  gate  of  a  MOS  structure.  The 
tip  bias  Vt  is  referenced  to  the  gate  so  that  eVr  represents  the  kinetic  energy  of  the  electrons. 
A  finite  collector  current  Ic  emerges  from  the  Si  substrate  when  eVT>eV,h.  eV.„  is  the  threshold 
energy  for  electron  transmission  and  corresponds  to  the  potential  maximum  in  the  oxide  relative 
to  the  Fermi  level  of  the  gate  metal.  An  energy  diagram  of  BEEM  applied  to  a  MOS  structure 
in  the  presence  of  both  a  negative  oxide  charge  and  an  applied  positive  bias  Vb  is  shown  in  the 
inset  of  Fig.  1.  For  VbS  used  here,  the  boundary  conditions  at  the  oxide-semiconductor  (0-S) 
interface  require  that  the  p-type  Si  substrate  is  in  accumulation.  For  p-type  Si  and  a  Pd  gate 
metal  the  intrinsic  oxide  potential  Vox«Vb  for  the  bias  ranges  used  here."^  Details  of  the  BEEM 
experiment  are  given  elsewhere.^-^  Here  we  are  only  concerned  with  measuring  V,b,  which  is 

obtained  within  an  accuracy  of  ±0.03  V  from  computer  fits  to  the  Ic  vs  Vj  curves  or  BEEM 
spectra.^ 


The  71  A  S1O2  layers  used  in  this  work  were  thermally  grown  near  800  °C  in  dry  oxygen 
on  125  mm  Si(lOO)  wafers  (boron  doped  to  ~10'7  cm-^).  No  additional  treatments  were  per¬ 
formed  after  the  oxidation.  -8x15  mm^  pieces  were  cleaved  from  the  wafer  and  covered  with 
~35  A  thick  Pd  dots,  0.2  mm  in  diameter,  that  were  thermally  evaporated  through  a  shadow 
mask  in  ultra-high  vacuum.  The  finished  sample  was  then  transferred  under  vacuum  into  the 


STM  chamber.  Data  were  acquired  in  sets  consisting  of  6x6  spectra  evenly  spread  over  a 
25x25  nm^  area. 

Depending  on  prior  electron  beam  exposure  of  the  sampled  area,  thresholds  varied  spatially 
on  a  nanometer  scale  and  by  as  much  as  2  eV  over  a  spectral  set.  These  variations  are  attributed 
to  electrons  accumulated  in  traps  of  locally  varying  densities.'*  ’  The  first  spectrum  on  a  virgin 
area  of  the  sample  always  resulted  in  the  lowest  threshold  (~4  eV),  a  value  achieved  subse¬ 
quently  only  by  moving  to  another  spot  ~10  nm  away.  Sampling  a  closer  spot  already  revealed 
shifts  that  are  attributed  to  partial  filling  of  pre-existing  traps  by  electrons  scattered  there  from 
the  prior  injection.  This  assignment  is  based  on  the  observation  that  for  electron  kinetic  energies 
in  the  oxide  Ekin<2  eV  (i.e.  Vt<6  V)  the  shifts  in  a  spectral  set  ceased  to  increase  (saturate)  after 
a  few  repeated  scans  over  the  25x25  nm^  area.  The  observed  saturation  implies  that  the  low 
energy  electrons  do  not  create  any  new  traps,  and  that  the  newly  filled  traps  must  have  pre¬ 
existed  the  measurement. 

The  approximate  location  of  the  charge  can  be  deduced  from  the  dependence  of  the  thresh¬ 
olds  on  the  applied  oxide  potential  Vox«Vb.  It  is  easily  ascertained  from  the  inset  of  Fig.  1  that 
a  change  of  5Vox  will  result  in  a  threshold  change  of  5V,h=x5Vox/t,  where  t  is  the  oxide  thickness 
and  X  the  distance  of  the  barrier  maximum  from  the  metal-Si02  interface. ^  A  set  of  36  spectra 
was  acquired  over  the  charge-saturated  area  for  each  integral  value  of  0<Vb<6  V.  Within  such 
a  set,  the  thresholds  for  the  pre-existing  traps  varied  over  a  0.6  eV  range  that  exhibited  a  bell¬ 
shaped  distribution.’  This  range  reflects  the  local  fluctuations  in  the  charge  density  over  the 
sampled  area,  with  an  estimated  resolution  of  2-3  nm.^  We  show  in  Fig.  1,  curve  (b),  only  the 
thresholds  for  the  pre-existing  defects  at  the  peak  of  their  distribution.  The  extrema  in  the  range 
of  observed  shifts  exhibit  nearly  identical  behavior,  but  are  displaced  by  ±0.3  eV.’  The  spread 
in  thresholds  was  reproducible  at  other  charge-saturated  areas  of  the  sample,  and  thus  corre¬ 
sponds  to  a  range  in  charge  densities  that  is  characteristic  of  this  oxide  sample.  As  Vox  in¬ 
creases,  the  thresholds  of  curve  (b)  shift  to  lower  energies.  However,  the  shift  is  non-linear  and 
shows  a  tendency  to  saturate  prior  to  an  additional  drop  for  Vox>5  V.  For  Vox=6  V,  V,b  nearly 
corresponds  to  the  value  of  an  uncharged  sample  that  is  subject  only  to  image  force  lowering 
(curve  a).8  This  indicates  that  the  charge-saturated  region  has  been  temporarily  neutralized  at 
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the  high  bias  condition,  since  upon  returning  to  Vox=0  (open  symbol)  V*  nearly  assumes  its 
original  value.  We  attribute  the  neutralization  to  anode  hole  injection,  a  process  that  becomes 
very  efficient  when  the  electron  energy  in  the  Si02  exceeds  5  eV.^  For  Vb<0  (open  symbols), 
the  threshold  increases  at  a  rate  larger  than  the  rate  one  would  expect  by  extrapolating  the  slope 
into  the  negative  region.  As  will  be  discussed  later,  the  added  shift  is  assigned  to  a  change  in 
electron  screening. 

Threshold  shifts  of  1-2  eV  were  observed  in  addition  to  those  attributed  to  charging  of  pre¬ 
existing  traps  for  tip  biases  exceeding  6  V  (i.e.  Eki„>2  eV),’  which  indicates  that  new  traps  are 
being  generated  and  filled  by  the  hot  electrons.  The  Eki„=2  eV  value  coincides  with  the  for¬ 
mation  threshold  for  trap  generation  attributed  to  the  release  of  hydrogen  near  the  Si02-Si 
interface.'®-'^  To  ascertain  that  trap  generation  was  limited,  we  repeatedly  scanned  the  25x25 
nm2  area  at  tip  biases  as  large  as  -10  V,  It=2  na  and  Vox=0,  and  measured  the  thresholds  be¬ 
tween  scans.  These  stopped  shifting  after  a  few  scans,  indicating  that  electron  trapping  at  the 
generated  traps  had  reached  saturation  as  well.  The  oxide  field  dependence  was  then  measured. 
Due  to  additional  scattering  at  the  trap  sites,  the  net  collector  current  was  rather  weak  and  the 
mean  value  in  the  distribution  became  difficult  to  determine  accurately.  Hence  we  plot  in  Fig. 
1,  curve  (c),  only  the  minimum  of  the  range  of  threshold  shifts  -  the  maximum  lies  ~1  eV 
higher.  7  Curve  (c)  is  shifted  higher  in  energy  by  ~1  eV  compared  to  curve  (b)  for  the  pre¬ 
existing  defects,  a  clear  manifestation  of  additional  trapped  charge  in  the  oxide.  The  overall 
shapes  of  the  two  curves  are  similar,  with  a  noticeably  higher  slope  for  curve  (c),  which  indi¬ 
cates  that  the  newly  generated  defects  lie  closer  to  the  Si  interface.  The  decrease  in  V,h  for 

Vox>3  V,  which  ultimately  coincides  with  that  of  curve  (b)  at  6  V,  is  due  to  increasing  charge 
neutralization  that  we  attribute  again  to  anode  hole  injection.  On  returning  to  Vb=0  the  traps 
refill  within  the  first  spectral  scan  (open  symbols),  but  do  not  quite  reach  the  value  for  the  fiilly 
saturated  traps.  Changing  Vox  to  -1  V  has  an  even  more  pronounced  effect  on  the  threshold 
shifts  than  observed  for  curve  (b).  A  large  fraction  of  this  shift  can  be  ascribed  to  changes  in 
screening  at  the  0-S  interface. 

We  now  proceed  to  model  the  trapped  charge  in  the  oxide  by  a  series  of  equally  spaced  sheet 
charges,  calculate  their  potentials  subject  to  proper  boundary  conditions,  sum  up  the  potentials 


and  add  the  resulting  defect  potential  to  that  of  the  oxide  barrier.  We  then  calculate  the  net 
barrier  potential  of  the  oxide  and  fit,  by  varying  the  charge  density  and  location,  the  resulting 
field  dependent  potential  maxima  to  the  observed  threshold  shifts. 

The  charge  injected  into  the  oxide  during  the  areal  scans  covers  a  roughly  circular  area  of 
radius  R~15  nm  that  was  deduced  from  the  BEEM  images  (not  shown).  Due  to  the  effective 
electron-phonon  scattering  in  the  SiOa,  this  area  is  larger  than  the  scanned  area.^  This  charge 
is  then  modeled  by  j  sheet  charges  of  density  oj  that  he  parallel  both  to  each  other  and  to  the 
interfaces  and  are  located  at  a  distance  dj  from  the  metal-oxide  (M-0)  interface.  The  potential 
(t)j(dj-x)  due  to  each  sheet  charge  along  the  axial  direction  in  a  medium  with  dielectric  constant 
Cox  is  given  by;'^ 


(t.j(dj-x)  =  .^{[(dj-x)^  +  r2]'°  -  |dj-x|}  (I) 

The  two  interfaces  restrain  the  potential  to  boundary  conditions  (j)j(dj)=0  at  the  M-O  interface, 
and  (t)j(dj-t)«0  at  the  0-S  interface,  which  reflects  that  the  Si  is  in  accumulation  there.  We  treat 
these  boundary  conditions  by  the  method  of  images. Because  of  the  two  interfaces,  the 
boundary  conditions  require  multi-image  charges,  that  is,  image  charges  of  image  charges.  The 
net  potential  per  sheet  charge  is  given  by: 


Oj(x)  =  (t)j(dj  -x)  -  (t)j(dj  +x) 
k 

-  Z  p‘[4>j(2it  -  dj  -x)  -  (|)j(2it  +  dj  -x)  -  (t)j(2it  -  dj  +x)  +  (t)j(2it  +  dj  +x)],  (2) 

i=  I 

Here  p  =  (Cs  -  eox)/(£s  +  Sox),  with  S;  the  effective  dielectric  constant  at  the  Si  interface.  Under 
accumulation,  with  free  carriers  at  the  interface,  £s  >  >  1 1.8,  its  bulk  value,  so  that  p^l.  In  the 
absence  of  free  carriers  p=0.49.  The  first  two  terms  in  eq.  2  are  the  sheet  charge  potential  and 
its  image  across  the  M-0  interface,  the  remainder  are  due  to  the  presence  of  the  0-S  interface. 
The  sum  in  eq.  (2)  was  limited  to  k=5.  The  net  potential  of  n  sheet  charges  is:  Oq(x)  = 
^)i(x)  +  <I)2(x)  +...  -I-  On(x).  Potentials  resulting  from  the  combined  two  sets  of  sheet  charges  re¬ 
presenting  pre-existing  defects  (od)  and  generated  traps  (a,),  depicted  respectively  by  solid  and 


outlined  vertical  bars,  are  shown  in  Fig.  2.  The  solid  line  labeled  Ofs  is  for  p=l  (fully  screened 
at  the  0-S  interface).  The  dashed  line  marked  <I)ps.  corresponds  to  p=0.75,  that  is,  a  screening 
intermediate  between  pure  metallic  and  dielectric.  Its  drastic  effect  on  the  potential  near  the 
0-S  interface  is  evident  as  the  free  carrier  concentration  is  reduced  at  the  interface,  which 
nevertheless  remains  in  accumulation  (depletion  was  not  studied  due  to  a  drastic  increase  in  the 
noise  as  transmission  becomes  very  weak  for  the  higher  barriers). 


The  total  dynamic  potential  U(x)  seen  by  an  electron  injected  from  the  gate  is  the  sum  of 
the  "bare"  oxide  barrier  eVo,  the  field  effect  eVoxX/t,  the  dynamic  image  force  lowering  at  the 
M-0  and  0-S  interfaces,  e/lbTisx  and  ep/167i8(t-x)  respectively,  and  Oq: 


U(x)  =  eV,- 


eVoxX 


ep 


Ibjiex  167is(t-x) 


+  0,(x). 


(3) 


Curves  of  U(x)  that  incorporate  both  types  of  pre-existing  (aa)  and  generated  (a,)  traps  are 
shown  in  Fig.  2  for  -l<Vox<6  V.  Their  height  is  proportional  to  the  charge  density,  with  the  scale 
shown  on  the  right  ordinate.  The  strength  gj  of  each  sheet  charge  and  its  position  dj  were  chosen 
to  give  a  reasonable  fit  of  the  maximum  of  U(x)  to  the  experimental  data  of  Fig.  1 :  First,  gj 
and  dj  were  optimized  to  fit  the  data  for  the  pre-existing  defects,  curve  (b)  in  Fig.  1 ,  using  only 
the  5  sheet  charges  labeled  by  Ga  in  Fig.  2  (their  potential  U  is  not  shown).  The  increasing 
Gj's  close  to  the  M-0  interface  are  necessary  to  duplicate  the  observed  "softening"  of  the  slope 
in  the  experimental  curve  (b)  as  Vox  increases.  As  discussed  earlier,  the  lowering  of  the 
thresholds  for  Vox>4  V  is  assigned  to  charge  neutralization,  which  was  simulated  by  reducing 
the  Gj’s  to  35%  of  their  saturated  values  for  Vox>5  V.  The  result  of  this  modeling  is  shown  by 
the  dashed  line  overlying  curve  (b)  in  Fig.  1.  Changes  of  order  10%  in  the  net  charge  density 
resulted  in  inferior  fits  to  the  experimental  data.  Fits  to  experiment  for  the  generated  traps.  Fig. 
1(c),  were  made  by  keeping  the  identical  distribution  and  charge  density  of  the  pre-existing  traps 
and  adding  a  second  set  of  7  sheet  charges,  labeled  g,  in  Fig.  2,  at  positions  and  with  densities 
indicated  by  the  outlined  bars.  For  the  fits  it  was  again  necessary  to  simulate  charge 
neutralization  by  reducing  the  g/s  for  Vox>4  V:  the  generated  traps  were  empty  for  Vox>5  V 
with  the  pre-existing  traps  remaining  partially  filled  (50%  and  35%  for  5  and  6  V,  respectively). 
For  Vox=-l  V  incomplete  screening  with  p=0.75  (dotted  curves  in  Fig.  2)  gave  a  good  fit  to 
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experiment.  Somewhat  inferior  fits  were  obtained  with  a  reduced  set  of  three  sheet  charges  per 
trap  type,  which  nevertheless  required  the  same  total  charge  density  and  distribution  as  for  the 

larger  set. 

The  following  conclusions  are  derived  from  the  model  fits:  i)  The  pre-existing  defects  are 
close  to  the  M-0  interface  and  exhibit  a  decreasing  density  away  from  the  interface.  From  the 
spread  in  threshold  fluctuations,  their  total  density  lies  in  the  range  of  (0.77  -  2.8)  x  10'^  crn’l 
ii)  The  generated  traps  are  located  closer  to  the  0-S  interface,  with  a  total  density  spread  of 
(1.9- 3.6)  X  10'^  cm-^.  iii)  The  unexpected  threshold  increases  for  negative  Vox  are  readily 
explained  in  terms  of  a  decrease  in  free  carrier  screening  at  the  0-S  interface,  iv)  The  threshold 
reductions  under  high  bias  are  consistent  with  charge  neutralization  through  anode  hole  injection 

Further  conclusions  relate  to  the  electron  traps  and  their  role  in  oxide  breakdown.’®-'^  The 
observed  charge  saturation  of  the  generated  traps  implies  both  that  the  number  of  trap  sites  is 
limited  within  a  range  of  locally  varying  densities,  and  that  their  origin  is  extrinsic,  that  is,  as¬ 
sociated  with  defects/impurities  that  are  activated  by  released  hydrogen  or  other  energetic  par¬ 
ticles.  However,  their  observed  densities  still  appear  to  be  insufficient  for  local  oxide  failure, 
as  attempts  to  cause  breakdown  in  the  stressed  areas  failed  even  after  injecting  wlO^ 
Coul./cm2  at  Ekin«6  V  (this  corresponds  to  a  Fowler-Nordheim  equivalent  field  of  13  MV/cm). 
Alternatively,  their  presence  may  be  necessary  with  breakdowns  occurring  at  other  defect  sites 
of  much  lower  density.  Of  similar  interest  is  the  apparent  unimportance  of  the  process  induced 
defects  to  the  breakdown  process,  at  least  for  the  7  nm  oxides  studied  here,  as  breakdowns  are 
seldom  observed  in  BEEM  stressing.^ 

We  acknowledge  fruitful  discussions  with  D.  DiMaria,  D.  Buchanan  and  E.  Cartier.  This 
research  was  partly  supported  by  the  Office  of  Naval  Research,  under  Contract  NO. 
N00014-95-C-0087. 
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Figure  Captions 


FIG.  1.  Field  dependent  threshold  shifts  for  a  Pd/  71  A  SiO2/p-Si(100)  sample:  (a)  for  a 
charge  free  sample  (only  image  force  lowering);  (b)  for  charge-saturated  pre-existing  traps; 
(c)  for  charge-saturated  pre-existing  traps  and  stress  induced  traps.  Inset  shows  an  energy 
diagram  of  the  BEEM  experiment.  Curve  (a)  was  obtained  from  field  dependent  measure¬ 
ments  on  virgin  areas  of  MOS  structures.^ 

FIG.  2.  Barrier  potential  U(x)  as  a  function  of  applied  oxide  bias  Vox.  The  curves  labeled 
Ofs  and  Ops  are  the  potentials  for  the  oxide  charge  assuming  full  and  partial  screening,  re¬ 
spectively.  The  topmost  broken  curve  for  Vox=-l  V  includes  Ops,  the  solid  one  beneath  it 
includes  Ofs.  Sheet  charge  locations  and  densities  reflected  in  the  potentials  O  are  marked 
by  vertical  bars.  The  density  scale  is  on  the  right. 
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Appendix  8 


Atomic-scale  studies  of  electron  transport  through  MOS  Structures 


.  Cc  i, 


H.J.  Wen,  R.  Ludeke,  D.M.  Newns,  S.H.  Lo  and  E.  Cartier 
IBM  T.  J.  Watson  Research  Center,  P.O.  Box  218,  Yorktown  Heights,  New  York  1 0598 


The  STM-based  Ballistic  Electron  Emission  Microscopy/  Spectroscopy  (BEEM/BEES)  in 
conjunction  with  theoretical  modeling  and  Monte  Carlo  simulations  are  used  to  clarify  intrinsic 
transport  issues  in  Metal-Oxide-Semiconductor  (MOS)  structures.  Compared  to  conventional 
MOS  transport  studies,  BEEM/BEES  offers  unique  advantages  that  include,  besides  its 
unsurpassed  spatial  resolution,  independent  control  over  the  energy  of  the  electrons,  which 
thereby  can  be  injected  directly  into  the  Si02  conduction  band,  as  well  as  complete  control  over 
the  electric  field  across  the  oxide.  The  MOS  samples  consist  of  thin  Pd  “gate”  dots  deposited  on 
7-15  nm  device-grade  oxides  thermally  grown  on  Si(lOO).  BEES  measures  the  threshold  energy 
for  electron  transmission  over  the  potential  barrier  determined  by  the  gate  metal  and  oxide.  This 
potential  is  strongly  affected  by  the  combination  of  screening  effects  due  to  the  metal  gate  and  an 
applied  oxide  field.  Field  dependent  decreases  of  the  injection  thresholds  follow  classical  image 
force  theory,  through  which  we  have  determined  a  dielectric  response  of  8ox  =  2.74  for  electrons 
in  Si02.  Possible  contributions  to  the  threshold  shifts  from  field  induced  tunneling  through  the 
oxide  barrier  were  assessed  with  a  WKB  calculation  and  deemed  unimportant.  Justification  for 
the  measured  Cox  =  2.74,  as  opposed  to  the  “established”  value  close  to  the  optical  dielectric 
constant  of  2.15,  is  obtained  from  a  novel  theoretical  model.  The  model,  based  on  a  classical 
particle  subject  to  a  time-dependent  potential  in  a  polarizable  medium,  predicts  a  dynamic 
dielectric  response  in  the  oxide  to  a  moving  charge  near  the  metal  interface  of  8ox  =  2.69.  The 
image  force  induced  distortion  of  the  potential  near  the  metal  gate  has  a  pronounced  effect  on  the 
dynamics  of  the  electrons  reaching  the  oxide.  Monte  Carlo  simulations  show  that  this  distortion 
strongly  affects  the  phonon  scattering  rates  in  the  immediate  interface  region.  Energy  and  oxide- 
field  dependent  electron  transmission  probabilities  were  obtained  from  the  simulations  and  were 
found  to  agree  remarkably  well  wdth  experimentally  determined  probabilities. 
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L  INTRODUCTION 


Field  assisted  barrier  lowering  due  to  image  force  effects  has  a  controversial  history  in  its 
application  to  transport  physics  in  MOS  structures,  although  this  concept  is  well  established  in 
condensed  matter  physics  [1].  In  modeling  of  electron  transport  across  a  dielectric,  image  force 
effects  are  generally  ignored,  in  particular  when  tunneling,  either  direct  or  Fowler-Nordheim,  is 
part  of  the  process  [2-3].  A  further  contribution  to  a  lower  effective  barrier  may  result  from 
electrons  Uinneling  through  the  barrier  [1],  However,  the  tunneling  induced  barrier  lowering  is 
usually  small  in  nondegenerate  semiconductors,  as  well  as  in  relatively  thick  insulator  layers.  The 
image  force  induced  barrier  lowering  (image  force  lowering)  was  traditionally  determined  by 
internal  photoemission  measurements  [4-6].  From  the  observed  barrier  lowering  as  a  function  of 
the  applied  electric  field  an  effective  dielectric  constant  can  be  derived,  often  called  the  image- 
force  dielectric  constant.  With  this  technique,  barrier  heights  between  metal/SiOa  and  Si/SiOi 
interfaces  and  their  field  dependencies  have  been  studied  [5-6].  In  these  studies,  an  image-force 
dielectric  constant  of  eox  =  2.15,  equal  to  the  optical  dielectric  constant  in  Si02,  was  determined, 
a  value  that  has  been  accepted  ever  since  [7-8].  Arguments  supporting  that  value  were  based  on 
the  transit  time  (t)  that  an  electron  needs  to  move  from  the  MO  interface  (z  =  0)  to  the  potential 
maximum  (z  =  Zm).  In  the  case  of  Si  the  transit  time  was  deduced  to  be  between  1x10“'''  s  and 
5x10’'^  s  and  it  was  argued  that  the  image-force  dielectric  constant  should  be  comparable  to  the 
dielectric  constant  for  electromagnetic  radiation  of  these  periods.  A  corresponding  value  equal  to 
the  static  dielectric  constant  of  12  was  determined,  which  agreed  with  the  value  obtained  by 
internal  photoemission  measurements  [1].  This  somewhat  fortuitous  agreement  results  from  the 
nonpolar  nature  of  Si,  whose  dielectric  constant  is  essentially  constant  for  electromagnetic 
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radiation  from  dc  to  A,  =  1  |im  [9].  In  contrast,  SiOa  is  a  polar  material,  whose  optical  phonon 
modes  result  in  strong  variations  of  the  dielectric  constant  in  the  range  of  X,  =  40  to  4  pm  [9].  In 
this  case  a  transit  time  of  5xl0’’^s,  which  corresponds  to  X  =  1  pm,  should  correspond  to  a 
dielectric  constant  at  optical  frequencies,  i.e.  2.15.  It  should  be  noted  that  a  response 
characterized  by  the  optical  dielectric  constant  means  that  the  lattice  polarization  of  the  medium 
(optical  phonons)  can  not  follow  the  moving  electron;  in  other  words,  the  particle  moves  so  fast 
that  the  electron-phonon  interaction  does  not  occur.  Consequently,  the  moving  electron  senses  a 
stronger  image  force  than  at  rest.  In  the  authors’  opinion,  the  traditional  transit  time  argument 
that  the  image-force  dielectric  constant  should  be  comparable  to  the  dielectric  constant  for 
electromagnetic  radiation  of  the  period  equal  to  the  transit  time  lacks  physical  justification.  In  the 
following  it  will  be  concluded  that  the  transit  time  is  not  a  measure  for  predicting  a  dielectric 
response.  In  order  to  know  how  the  dielectric  medium  responds  to  a  moving  electron,  one  needs 
to  consider  contributions  of  optical  phonons  in  SiOa. 

In  this  work,  we  use  Ballistic  Electron  Emission  Microscopy  (BEEM)  as  a  new  technique 
to  study  the  field  dependent  barrier  lowering  at  the  Pd/SiOi  interface  of  MOS  structures.  We 
readdress  theses  issues  and  demonstrate  that  i)  image  force  effects  are  important  in  MOS 
transport  and  cannot  be  explained  by  alternative  processes  such  as  tuimeling;  ii)  the  effective 
dielectric  response  to  a  moving  charge  lies  in  between  the  optical  Copt  =  2.15  and  the  static  Es  = 
3.9;  iii)  a  theory  based  on  classical  concepts  gives  a  dielectric  response  close  to  experiment,  and 
provides  new  insights  to  its  origin,  which  is  determined  by  the  mean  velocity  rather  than  the 
transit  time  of  the  moving  electron.  A  further  consequence  of  image  force  effects  is  a  decrease  in 
the  electron  transmission  probabilities  at  the  MO  interface. 
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IL  EXPERIMENTAL  DETAILS 


A.  Ballistic  Electron  Emission  Microscopy  (BEEM) 

BEEM  is  an  STM-based  microscopy/spectroscopy  that  differs  from  the  conventional 
STM  mode  by  the  presence  of  a  thin  metal  electrode  overlying  the  semiconductor  structure  to  be 
measured,  as  shown  in  Fig.  1(a).  The  sole  purpose  of  this  electrode  is  to  supply  a  conductive 
ground  plane  relative  to  which  the  STM  tip  is  biased.  In  our  studies  hot  electrons  were  injected 
from  the  tip  into  Pd/Si02/Si  MOS  structures.  An  energy  band  diagram  for  the  present  BEEM 
experiment  is  shown  in  the  Fig.  1  (b).  The  tip  bias  Vj  is  referenced  to  the  thin  grounded  metal 
film  (the  metal  Fermi  level  is  defined  to  be  the  zero  potential).  Therefore  eVx  is  a  direct  measure 
of  the  kinetic  energy  of  the  electrons  injected  into  the  metal.  Provided  that  the  metal  film 
thickness  is  of  the  order  of  the  electron  scattering  length  in  the  metal,  most  of  the  electrons  will 
traverse  the  metal  ballistically  to  reach  the  far  interface.  It  should  be  noted  here  that  no  features 
in  the  BEEM  spectra  have  been  attributed  to  the  metal  layer,  except  for  causing  a  featureless 
attenuation  of  the  injected  electrons.  Therefore  transmission  across  the  metal  is  assumed  to  be 
independent  on  the  electron  energy,  a  justifiable  assumption  over  an  energy  range  for  which  the 
mean  free  paths  are  larger  than  the  metal  thickness.  Electrons  with  sufficient  energy  to  overcome 
the  potential  barrier  at  the  Pd/Si02  interface  may  ultimately  reach  the  semiconductor  conduction 
band,  and  emerge  from  the  semiconductor  as  a  collector  current  Ic.  For  an  increasing  magnitude 
of  the  tip  bias  Vt,  Ic  is  zero  until  Vt  reaches  a  threshold  (Vo),  a  value  equal  to  the  interface 
barrier  height.  The  value  of  Vo  is  usually  extracted  from  the  spectra  by  means  of  a  model  fit.  A 
separate  gate  bias  (Vb)  between  the  metal  and  semiconductor  can  also  be  readily  applied  within 
the  BEEM  configuration.  This  allows  complete  control  over  the  field  in  the  oxide  and  facilitates 


4 


field-dependent  transport  studies.  As  Vb  affects  both  the  potential  drop  across  the  oxide  (Vox)  and 
the  band  bending  of  the  Si  at  the  SiOa-Si  interface,  their  relationship  is  nonlinear  and  is  obtained 
by  solving  the  appropriate  Poisson  equation  with  the  assumption  of  a  negligible  density  of 
interface  states  [7,10].  In  addition,  Vox  also  includes  a  part  of  the  built-in  potential  of  0.50  V  due 
to  the  work  function  difference  between  the  metal  and  the  semiconductor.  In  the  present  case,  the 
work  function  of  Pd  is  larger  than  that  of  n-type  Si,  therefore  the  flat  band  (Vox  =  0)  condition 
requires  a  negative  gate  bias  proportional  to  the  work  function  difference. 

B.  Sample  preparation 

Device  quality  oxide  layers  were  thermally  grown  near  800  °C  in  dry  oxygen  on  125  mm 
diameter  Si(lOO)  wafers  doped  in  the  low  lO”  cm'^  range.  No  additional  treatments  were  made 
after  oxidation.  Here  we  report  studies  on  oxides  with  thicknesses  of  75  A  and  150  A;  the 
thicknesses  were  determined  with  an  ellipsometer.  Approximately  2x12  mm  pieces  were 
cleaved  from  the  wafers  and  introduced  into  an  UHV  sample  preparation  chamber,  where  Pd 
dots,  0.2  mm  in  diameter,  were  thermally  evaporated  through  a  shadow  mask.  The  Pd  deposition 
was  made  with  the  Si  substrate  held  at  a  temperature  of  about  30  K,  which  was  necessary  to 
produce  smooth  continuous  surfaces  by  inhibiting  surface  diffusion.  The  resulting  roughness  was 
about  10  A  for  a  Pd  film  of  thickness  of  35  A.  After  evaporation  the  sample  was  allowed  to  warm 
up  to  room  temperature  and  was  subsequently  transferred  under  UHV  into  the  STM  chamber, 
where  the  BEEM  grounding  contact  was  gently  positioned  onto  a  selected  Pd  dot  by  means  of 
three  orthogonally  mounted  Inchworms.  MOS  structures  with  leakage  resistance  ^10  Q  were 
generally  suitable  for  our  studies.  All  data  were  taken  in  the  conventional,  feedback-controlled 
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constant  tunnel  current  (It)  mode.  For  each  Vb  a  set  of  typically  16-25  spectra  were  taken  in  a 
grid  pattern  covering  a  area  of  250x250  A  .  The  BEEM  data  reported  here  are  generally  averages 
over  approximately  10  similar  spectra.  Additional  information  about  the  STM  and  data 
acquisition  can  be  found  elsewhere  [11].  Within  a  given  set  of  spectra  variations  in  the  threshold 
of  up  to  several  tenth  of  a  volt  were  observed,  which  are  assigned  to  negative  charge  at  the  Si02- 
Si  interface  region  [12-13],  The  spectra  presented  here  were  averaged  over  those  that  exhibited  a 
common,  lowest  threshold  in  a  given  set  of  spectra. 


Ill  DATA  INTERPRETATION 
A.  Classical  image  force  theory 

When  an  electron  crosses  the  MO  interface  and  enters  the  oxide,  it  experiences  an 
attractive  force  of  its  own  positively  charged  mirror-image  with  respect  to  the  interface  plane  at  z 
=  0,  and  therefore  has  an  additional  negative  potential  energy  term.  The  application  of  a  voltage 
Vox  across  the  metal  and  silicon  further  modifies  the  potential  between  the  metal  and  the  SiOa 
conduction  band  minimum,  as  shown  in  Fig.  1  (b).  Within  classical  image  force  theory,  the 


combined  potential  is  given  by  <!>,„,  (z)  =  eV^  - 


K.  16TrSoe„,z 


;  the  barrier  lowering  5eV„ 


with  increasing  Vox  and  the  barrier  position  Zm  are  given  by: 


5  eV„  = 


eV^ 


ni/2 


471Eo£ox^ox, 


eV-,  = 


eL 


-ll/2 


(la,b) 


where  eo  is  the  permittivity  of  free  space,  Eox  is  the  effective  dielectric  constant  of  SiOa,  and  tox  is 
the  oxide  thickness.  In  the  absence  of  an  oxide  charge,  the  effective  barrier  height  is  given  by 
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^  gY^.  ggj/  .  Yo  represents  the  interface  barrier  height  at  flat  band  conditions,  as  indicated 

in  Fig.  1(b).  Eq.  (la)  represents  a  straight  line  provided  that  the  effective  dielectric  constant  £ox 

has  a  single  value  over  the  considered  field  range.  In  turn,  8ox  ^^^d  the  linear  relationship  (a 

validity  test  of  the  classical  image  force)  can  be  defined  from  the  experimentally  determined 
barrier  lowering  deV,,  as  a  function  of  the  applied  oxide  potential,  as  presented  in  the  following. 

B.  Experimental  observation  of  image  force  lowering  in  barrier  heights:  Cox  =  2.74 

Representative  spectra  for  a  75  A  oxide  MOS  structures  are  shown  in  Fig.  2  for  various 
positive  oxide  biases.  Both  the  applied  bias  Vb  and  the  resulting  potential  drop  Vox  across  the 
oxide  are  indicated  on  the  figure.  The  spectra  are  characterized  by  a  rapid  increase  in  It  beyond 
the  threshold  near  4  V,  followed  by  a  saturation,  then  a  decrease,  which  in  turn  is  followed  by  a 
second  increase  for  Vt  >  8  V.  The  decrease  in  It  at  ~  2  V  above  threshold  is  evidence  for  the 
onset  of  acoustic  phonon  scattering  in  the  oxide  and  is  a  clear  manifestation  of  the  importance  of 
this  scattering  mechanism  in  oxide  transport  [10,14].  At  these  energies,  the  strong  momentum 
randomizing  phonon  collisions  cause  the  electrons  to  scatter  back  into  the  metal.  The  momentum 
relaxation  rates  level  off  at  higher  energies  and  the  collector  current  again  increases  because  the 
density  of  states,  i.e.  the  available  phase  space,  is  increasing.  Optical  phonon  scattering  is 
important  only  near  threshold.  With  increasing  oxide  bias  Vb,  the  spectra  clearly  show  a  shift  to 
low  energy  as  well  as  an  increase  in  absolute  intensity.  The  increase  in  intensity  is  attributed  both 
to  an  increase  in  the  transmission  probability  in  the  oxide  due  to  the  positive  bias  [10],  and  to 
increases  in  available  phase  space  due  to  the  image  force  induced  barrier  lowering.  In  this  section 
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we  will  only  concentrate  on  the  threshold  shifts  (barrier  lowering).  The  observed  barrier 
lowerings  derived  from  the  spectra  of  Fig.  2  are  plotted  as  a  function  of  Vox' ^  and  are  shown  by 
solid  circles  in  Fig.  3.  We  clearly  see  that  the  experimental  data  are  distributed  along  a  straight 
line,  a  strong  manifestation  of  the  validity  of  the  classical  image  force  theory.  These  threshold 
values  were  obtained  by  fitting  the  BEEM  data  with  a  simulated  spectrum  of  the  current  in  the 
vicinity  of  the  threshold  region  (Vo±0.5  eV)  [10].  The  simulation  is  based  on  the  assumption  that 
the  transmission  probability  in  the  oxide  is  constant  and  field  independent  over  the  considered 
threshold  region.  The  latter  assumption  implies  that  quantum  mechanic  contributions  to  the 
transmission  probability,  which  are  included  in  our  theoretical  BEEM  spectrum,  are  also 
relatively  field  independent,  an  assertion  supported  by  the  excellent  agreement  between 
experiment  and  Monte  Carlo  simulated  oxide  transmission  probabilities  for  positive  oxide  fields 
[10].  In  order  to  determine  the  threshold  energy,  the  experimental  data  were  visually  fitted  by 
varying  only  the  threshold  energy  and  the  intensity  prefactor  over  the  energy  window,  with 
emphasis  on  an  excellent  fit  on  the  steeply  rising  part  of  the  spectrum  just  above  the  threshold. 
Since  this  portion  of  the  spectrum  is  devoid  of  any  contributions  from  electrons  tunneling 
through  the  barrier,  we  speculate  that  the  determined  threshold  energy  is  not  influenced  by 
tunneling  contributions,  a  conclusion  supported  by  the  excellent  agreement  of  the  threshold 
energies  with  classical  image  force  theory,  as  well  as  by  calculations  based  on  the  WKB 
approximation  that  is  demonstrated  in  detail  in  the  next  section.  The  fit  to  the  data  can  be  made 
to  within  ±  0.02  eV,  as  marked  in  the  figure.  It  should  be  noted  that  the  right  axis  scale  for  the 
threshold  is  only  in  reference  to  the  experimental  data  (solid  circle),  while  the  left  axis  (image 
force  lowering  relative  to  the  flat  band  condition  in  the  oxide)  is  valid  for  all  curves. 
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Since  the  barrier  lowering  exhibits  a  linear  behavior,  a  least-square  linear  fit  with  a  chi 
value  of  only  0.0022  was  made  to  the  data,  as  shown  in  l•ig.  3.  From  eq.  (la),  the  slope  of  the 

r  11/2 


fitted  line  is  equal  to 


e 


,  with  Sox  as  the  only  adjustable  parameter  whose  value  is 


determined  to  be  2.74±0. 1 1 .  This  uncertainty  was  estimated  from  the  error  range  in  the  data.  This 
value  is  considerably  larger  than  the  optical  dielectric  constant  (2.151  and  lies  in  between  it  and 
the  static  value  (3.9).  In  the  following,  we  demonstrate  through  a  model  calculation  that  Eox  = 
2.74  is  more  accurate  in  describing  the  dielectric  response  than  the  optical  one,  though,  that  value 
is  supported  by  internal  photoemission  results  [5,6,15].  It  should  be  noted  that  the  fitted  curve 
originally  missed  the  origin,  which  indicates  that  our  initial  estimate  of  Vox  =  0.45  V  for  zero  bias 
was  off  by  53  mV.  Accordingly,  the  V'o,  values  for  the  data  were  uniformly  shifted  by  this 
amount.  The  fitted  curve  must  go  through  the  origin,  since  at  zero  field  (Vox  =  0)  the  barrier 
height  is  the  same  in  the  presence  or  absence  of  the  image  force  potential.  By  extrapolating  to  Vox 
=  0  V,  a  threshold  value  of  4.08  ±  0.02  e\'  is  deduced  for  the  Pd-SiO:  potential  barrier  Vo  under 
flat  band  conditions. 


C.  Assessment  of  tunneling  contributions 

Before  we  present  the  theoretical  model  describn,;/  the  dynamic  dielectric  response,  we 
need  to  clarify  the  issue  whether  or  not  the  observed  barrier  lowering  include  contributions  from 
electrons  tunneling  through  the  barrier.  It  is  in  principle  possible  that  electron  tunneling 
contributes  to  the  observed  barrier  lowenng,  even  thoujdi  the  described  determination  of  the 
threshold  does  not  include  a  tunneling  current.  We  state  two  facts  to  conclude  that  a  tunneling 
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contnbution  to  the  determined  barrier  lowering  is  negligible;  (a)  the  barrier  lowering  clearly 
show  a  linear  dependence  on  the  square  root  of  the  oxide  bias  Vox'^,  a  result  valid  only  within 
the  classical  image  force  theory,  since  a  tunneling  contribution  would  give  a  nonlinear  behavior- 
and  (b)  theoretical  results  based  on  the  WKB  approximation  exclude  any  substantial 
contributions  for  tunneling  electrons  in  the  determination  of  the  BEEM  thresholds.  It  should  be 
kept  in  mind  that  the  latter  correspond  to  electrons  going  over  the  barrier  at  nearly  unit 
transmission  probability,  whereas  that  for  tunneling  electrons  diminishes  exponentially  rather 
rapidly  for  energies  below  the  barrier  maximum.  These  concepts  were  quantified  and  the  results 
are  presented  by  dotted  lines  in  Fig.3.  The  approach  taken  here  is  to  assess  the  field  dependence 
of  tunneling  electrons  at  a  given  transmission  probability.  Unlike  standard  tunnel  current 
calculations  for  MOS  capacitor  structures,  the  tunnel  current  for  BEEM  experiments  cannot  be 
calculated  analytically  due  to  the  complexity  of  hot  electron  scattering  processes  in  the  metal  and 
at  the  interfaces.  Calculations  were  carried  out  with  and  without  the  inclusion  of  image  force 
lowering,  as  well  as  for  the  various  Cox  =  2.15,  2.74  and  3.90  values.  An  electron  effective  mass 
at  the  bottom  of  the  conduction  band  of  0.5  mo  (mo  is  the  electron  rest  mass)  was  used  [8].  No 
strong  dependence  on  the  mass,  although  varied  from  0.3  mo  to  0.5  mo,  was  observed.  The 
singularity  of  the  image  force  potential  at  the  interface  (z  =  0)  was  removed  by  assuming  <I)i„(z) 

=  0  for  <Dim(z)  <  0.  Tunneling  probabilities  were  calculated  as  a  function  of  tip  voltage  for  various 
oxide  biases.  A  virtual  threshold  energy  can  be  set  at  a  certain  tunneling  probability,  then  barrier 
lowering  relative  to  the  zero  field  case  can  be  plotted  as  a  function  of  Vox"^.  The  tip  voltages  at 
the  tunneling  probability  of  50  %  are  plotted  by  dotted  lines  in  Fig.  3.  The  three  upmost  lines 
were  calculated  with  Cox  =  2.15,  2.74  and  3.90;  the  bottom  curve  was  obtained  by  excluding  the 
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image  force  potential  altogether.  First  of  all,  it  is  clearly  seen  that  the  bottom  curve  deviates 
considerably  from  the  experimental  data,  which  allows  us  to  conclude  that  the  image  force 
potential  plays  the  main  role  in  the  observed  barrier  lowering.  Second,  the  theoretical  curves  are 
nonlinear,  a  behavior  that  increases  with  increasing  bias  and  becomes  even  more  dominant  for 
lower  tunneling  probabilities.  We  argue  that  the  absence  of  such  deviations  from  linearity  in  our 
data  precludes  substantial  contributions  of  tunneling  in  our  methodology  of  determining 
thresholds.  This  statement  does  not  mean  that  tunneling  is  absent,  but  rather  that  its  contributions 
below  threshold  are  inconsequential  to  the  determination  of  the  threshold.  This  is  attributed  to  the 
rapid  increase  of  phase  space  for  transmission  above  threshold  that  determines  entirely  the 
collector  current  behavior  on  which  the  threshold  were  fitted.  For  a  tunneling  probability  of 
100%  the  calculated  results  exhibit  the  expected  linear  behavior  that  exactly  matches  solutions  of 
the  classical  image  force  theory  for  all  three  values  of  eox.  Therefore  we  conclude  that  the 
observed  barrier  lowering  are  solely  attributed  to  the  image  force  potential,  with  an  effective 
dielectric  constant  of  2.74.  It  should  be  noted  that  Monte  Carlo  calculation  by  Fischetti  et  al  [16] 
lead  to  similar  conclusions. 

D.  Classical  calculation  of  the  retarded  phonon  field:  Eox  =  2.69 

In  order  to  understand  the  origin  of  the  experimentally  determined  Eox  =  2.74,  we  present 
a  theory  based  on  classical  concepts  to  calculate  the  effective  dielectric  constant  for  an  electron  in 
a  model  BEEM  experiment. 

In  the  model,  the  electron  moving  in  Si02  as  a  classical  particle  with  trajectory  r,(t)  and 
charge  q  produces  a  potential  F(r,  t) .  We  calculate  F(F,  t)and  then  obtain  the  force  acting  back 
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on  the  particle  at  r  =  r^.  The  dielectric  medium  is  assumed  uniform  with  a  local  dielectric 

response.  The  presence  of  the  metal/dielectric  interface  is  taken  into  account  by  introducing  the 
image  of  the  particle.  Then  all  potentials  in  the  left-hand  half  space  (z  <0)  are  automatically  zero 
when  we  define  the  potential  on  the  plane  (z  =0)  to  be  zero.  We  start  from  the  formula  [17] 


where  r  is  replaced  by  z,  since  the  particle  in  our  case  is  traveling  along  the  z-axis.  Eq.  4  is 
solved  by  taking  its  Laplace  transform,  giving  V{z,p)  =  F7[l  +  a(/7)].  a  =  is  the 

sum  of  the  optical  response,  independent  of  p,  and  phonon  response 

where  g  is  the  phonon  coupling  strength.  Through  the  frequency  dependent  dielectric  function 
6(p)  =  Est  +  Eopt  =  1+  aopt  +  ttph,  it  can  readily  be  shown  that  g  =  Es,  -  Eopt.  After  suitable 
substitutions  and  inverse  Laplace  transformations,  one  finally  obtains: 
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where  the  phonon  response  is  described  by  a(0  =  co^/e““  The  latter  is  obtained  from  the 
Fourier  transform  of  the  probability  distribution  w(x)  =  4ro^jc/7i(x^  +  co^)  ,  and  represents  a 

Debye-like  power  law  behavior  at  low  frequencies  with  a  high  frequency  cutoff,  the  simplest 
form  of  a  broadened  phonon  spectrum  short  of  the  actual  multi-mode  distribution.  For  SiOj  the 
higher  lying  optical  mode  (coph  =  0.153  eV  [9])  was  assumed  to  represent  the  oxide,  8s,  =  3.9  and 
8op,  =  2.15.  Since  acoustic  phonons  are  not  polarizable,  they  do  not  contribute  to  the  image  force 
field.  It  must  be  noted  that  the  first  term  in  eq.  5  represents  only  the  image  term  of  the  external 
potential  and  a  self  energy  term  representing  the  quantum  mechanical  polaron  cloud  surrounding 
the  particle  is  not  included  in  eq.  5,  since  the  particle  is  treated  classically.  The  integral  term 
represents  the  effect  of  electron-phonon  interaction  over  a  time  period  t.  Since  the  phonons  are 
described  by  harmonic  oscillators  without  damping,  the  electron-phonon  interaction  does  not 
transfer  any  energy  from  the  electron  to  the  dielectric.  The  total  energy  of  the  electron  is  thus 
conserved.  The  equation  of  motion  is  obtained  by  differentiating  V(z,t)  w.r.t.  z  and  setting  z  to  Ze'. 

dt'^  t„,  +  z/(0. 

^4KeoB,,&op,  /“ 

We  have  included  here  a  softening  factor  ro  in  the  image  force  term  to  avoid  the  singularity  at  Ze 
=  0.  Its  value  ro  =  1 .33  a.u.  was  chosen  so  that  the  peak  in  V(z,t)  relative  to  the  Fermi  level  in  the 
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metal  equals  Vo  («4V).  It  should  be  noted  that  the  integral  term  explicitly  represents  the  electron- 
phonon  interaction  force.  The  differential  equation  is  run  until  the  critical  velocity  Vc,  and  hence 
critical  kinetic  energy  ^  )  is  determined  for  the  particle  to  just  cross  the  barrier.  The 

results  are  demonstrated  in  Fig.  4.  Two  masses,  m  =  mo  and  0.5mo,  were  used  in  order  to  assess 
the  sensitivity  of  the  mass  on  the  results.  The  numerical  results,  again  plotted  against  V'^,  exhibit 
a  nearly  linear  behavior,  in  good  agreement  with  the  classical  image  force  theory.  From  the  slope 
in  the  case  m  =  mo  ,  which  is  close  to  the  Si02  conduction  band  mass  [18],  an  effective  dielectric 
constant  Sox  =  2.69  was  obtained.  This  value  is  in  very  good  agreement  with  the  experimental 
value  2.74. 

The  measured  and  calculated  value  for  Sox  »  2.7  is  incompatible,  as  mentioned  earlier, 
with  the  transit  time  argument.  Based  on  the  above  considerations  we  know  that  the  integral  term 
(phonon  contributions)  is  the  underlying  cause  for  the  increase  of  Cox  from  2.15  to  2.69.  Another 
critical  issue  in  this  matter  is  that  Sox  is  essentially  constant  over  the  field  range  of  ~0  to  9 
MV/cm.  In  order  to  gain  more  insights  into  these  issues,  we  further  simplify  the  integral  term  in 
eq.  (6)  to  an  average  force  exerted  by  the  phonons  on  the  electron  over  the  transit  time,  that  is 
KhMi »  with  V,,  defined  as  the  electron  mean  velocity.  This  simplified  term  tells  us  that  the 

strength  of  phonon  contributions  is  dependent  on  the  electron  mean  velocity  rather  than  the 
transit  time.  Over  the  applied  range  of  Vox  the  variations  in  Vth  are  relatively  small  (3  5-4  V) 
whereas  Xn,  varies  from  -0.4-2.2  nm.  Consequently,  v^,can  be  treated  as  nearly  constant,  which 

adequately  explains  a  constant  value  of  Eox.  For  a  value  v^/~8xi0-  cm/sec,  based  on  half  of  the 

injection  energy,  the  range  of  the  transit  time  x  corresponds  to  an  equivalent  impulse  of  lOcOph- 
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50a>ph,  a  range  that  is  clearly  in  the  optical  response  range  of  SiOa  (8ox~2).  Therefore  we  conclude 
that  the  transit  time  is  not  a  proper  measure  for  predicting  an  image  force  dielectric  constant.  The 
fact  that  the  average  force  (oc  C0p;,/v^'/  )  is  nearly  field  independent  is  further  demonstrated  in 

Fig.  5,  which  depicts  the  total  work  and  retarded  work  in  the  phonon  field  calculated  until  the 
electron  approaches  its  potential  maximum  Zn,.  The  results  reveal  i)  the  average  force,  given  by 
the  retarded  work  divided  by  the  total  distance  Xn,  is  nearly  the  same  for  both  fields;  ii)  the 
retarded  work  is  mostly  done  as  the  electron  is  approaching  its  potential  maximum  (zero  kinetic 
energy).  The  latter  is  understood  from  the  optical  phonon  scattering  rates  [10,  14,  19]  that  are 
only  substantial  when  the  electron  energy  is  comparable  with  that  of  the  phonon  modes  (<  200 
mV)  [9].  The  latter  point  is  a  consequence  of  the  Coulombic  nature  of  electron-optical  phonon 
interaction. 

Based  on  the  above  discussions,  we  conclude  that  the  dielectric  response  depends  on  the 
nearly  field  independent  mean  velocity  of  the  electron,  rather  than  the  transit  time.  The  reason  for 
the  different  values  of  eox  obtained  from  different  experimental  methods  is  largely  due  to  the 
improved  sensitivity  of  BEES  to  detect  the  low  energy  electrons  that  barely  surmount  the  barrier. 
For  fields  beyond  the  range  of  the  experiment  we  expect  deviations  from  the  observed  linearity,  a 
tendency  already  suggested  by  the  numerical  data  in  Fig.  4. 


E.  Image  force  effects  on  BEEM  transmission  probabilities 

The  inclusion  of  image  force  effects  drastically  changes  the  potential  shape  at  the  MO 
interface  region  and  therefore  has  pronounced  influence  on  the  transmission  probabilities.  In  the 
presence  of  the  image  force  potential,  the  conduction  band  near  the  MO  interface  is  strongly  bent 
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down,  coinp&rcd  to  b.  trisngulflr  bflrricr  (dashed  line)  in  the  absence  of  the  image  force,  as 
indicated  in  Fig.  1  (b).  Thus  the  kinetic  energy  of  the  injected  electrons  are  quite  large.  As  a  point 
of  reference,  for  W  =  75  A  and  Vox  =  4.4  and  0.1  V,  eq.  (1)  gives  z„  =  4,  26  A,  respectively, 
values  that  are  comparable  to  the  electron  mean  free  paths  in  Si02  [14].  The  large  kinetic  energy 
within  Zm  causes  a  drastic  increase  in  the  scattering  rates  that  dramatically  lowers  the 
transmission  probabilities. 

Fig.  6  shows  transmission  probabilities  Tox  calculated  by  Monte  Carlo  methods  and 
deduced  from  experimental  data  for  cases  with  and  without  image  force  effects.  Details  of  the 
Monte  Carlo  simulation  used  to  calculate  Tox  have  been  described  in  Ref  10.  Here  a  summary 
and  some  added  details  on  the  treatment  of  image  force  effects  are  given.  The  electron  transport 
model  used  is  based  on  a  Monte  Carlo  integration  of  the  Boltzmann  transport  equation,  which 
requires  a  description  of  the  electron  motion  in  the  conduction  band  structure  of  SiOa  in  the 
presence  of  the  electric  field  Box,  as  well  as  a  detailed  account  of  the  electron  scattering  processes 
in  the  oxide.  A  single  valley  conduction  band  was  assumed  for  the  oxide,  with  an  energy 
dependent  effective  electron  mass  m  =  0.5mo  at  the  bottom  of  the  band.  At  high  energies,  the 
electron  mass  is  assumed  to  revert  to  the  free-electron  value  mo-  Electron-phonon  scattering  was 
based  on  semi-empirical  scattering  rates  for  both  longitudinal-optical  (LO)  phonon  scattering  and 
acoustic  phonon  scattering  [10,19].  Electrons  were  isotropically  injected  into  the  oxide.  The 
transmission  probability  was  determined  by  tracking  energy,  momentum  and  position  of  the 
injected  electrons  until  they  leave  the  oxide  either  at  the  metal  contact  or  at  the  silicon  substrate. 
Only  the  latter  contribute  to  the  transmitted  current.  Back-scattering  into  the  Si02  from  either 
contact  was  neglected.  The  transmission  probability  Tox  is  calculated  as  Tox  =  usi/N,  where  N  is 
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the  number  of  injected  electrons  (typically  1000)  and  nsi  is  the  number  of  electrons  reaching  the 
silicon  substrate.  The  results  for  a  150  A  oxide  and  for  Vox  =  4.4  V  (triangles  and  open  circles) 
and  0.1  V  (solid  circles)  are  shown  in  Fig.  6.  The  inclusion  of  image  force  effects  in  the 
simulations  for  4.4  V  drops  Tox  from  near  unity  to  0.6.  Comparing  with  the  experimentally 
determined  Tox  for  Vox  =  0.1  V  and  4.4  V  (solid  line  and  dashed  line),  we  clearly  see  the 
necessity  of  inclusion  of  image  force  effects  in  Monte  Carlo  simulations.  Experimentally  Tox  is 
determined  by  first  calculating  Ic  with  equation  Ic  =  K-tmoToxXosIi  assuming  Tox  =  1,  where  Xmo 
and  Xos  are  the  kinematic  transmission  probabilities  across  the  metal-oxide  and  oxide-silicon 
interfaces  and  K  is  an  energy  independent  constant  of  order  unity.  K  is  used  as  a  fitting  parameter 
and  includes  the  attenuation  of  the  injected  current  in  the  metal  layer.  Xmo  can  be  expressed 
analytically  in  a  free  electron  model  that  is  based  on  the  overlap  of  available  conduction  band 
states  on  either  side  of  the  interface,  and  includes  the  energy  distribution  of  the  electrons  injected 
by  the  tip,  the  Fermi  function  and  quantum  mechanical  transmission  probabilities.  It  varies 
slowly  with  energy  and  exhibit  little  structure  [20].  Xos  =  1  for  Vb  >  0  V.  The  curve  Ic  versus  Vy, 
determined  by  Ic  =  Kx^oToxXosIt,  is  fitted  at  the  threshold  over  a  narrow  (-0.2  eV)  energy  range. 
The  energy  dependence  of  Tox,  which  is  readily  determined  by  dividing  the  BEEM  spectrum 
(experimental  Ic  versus  Vy)  by  the  calculated  one  [10],  corresponds  to  the  deviation  of  the 
calculated  curve  from  the  BEEM  spectrum. 

The  cause  for  the  drop  in  the  simulated  Tox  is  acoustic  phonon  scattering  that  dominates 
in  the  region  of  z  <  Zm  because  of  large  kinetic  energy  Ekin  of  electrons.  A  large  fraction  of 
electrons  are  scattered  back  into  the  metal  before  they  reach  Zm,  drastically  decreasing  the 
transmission  probability.  The  agreement  between  simulation  and  experimentally  determined  Tox 
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is  quite  good  for  low  Vox,  but  includes  a  substantial  region  of  discrepancy  within  1  eV  of 
threshold  for  Vox  =  4.4  V.  The  reason  for  this  appears  to  be  related  to  a  field  dependency  of  the 
quantum  mechanical  transmission  probability  [21],  which  was  not  included  in  the  simulations 
thus  far. 

IV.  Conclusions 

In  conclusions,  the  paper  presents  field  induced  barrier  lowering  observed  with  the 
BEEM  technique.  Combining  experimental  observations  and  theoretical  considerations,  we 
demonstrate  that  inclusion  of  image  force  effects  has  significant  influence  on  barrier  heights  and 
electron  transport  processes.  In  the  following,  a  further  discussion  is  added  about  the  response  of 
a  polarizable  medium  to  a  moving  charge.  The  classical  model  presented  in  this  paper  was  set  up 
to  describe  a  system  governed  by  quantum  effects.  Nevertheless  the  results  of  an  effective  image 
force  dielectric  constant  lying  in  between  the  static  and  the  optical  are  intuitively  physical  and  in 
agreement  with  our  experimental  results.  However  it  should  be  noted  that  a  quantum  mechanical 
treatment  may  be  required  for  conditions  outside  the  present  experimental  range.  Provided  the 
velocity  of  the  particle  exceeds  a  certain  limit,  electrons  on  the  metal  surface  are  not  able  to 
follow  the  time  varying  field  of  the  moving  particle;  in  effect,  the  metal/dielectric  interface  can 
no  longer  be  treated  just  by  introducing  the  image  of  the  particle  [22-23].  The  concept  of  “transit 
time”  is  not  valid  either.  Since  the  time  scale  of  the  moving  particle  is  so  short  (10’'^  s),  the 
uncertainty  principle  no  longer  allows  us  to  describe  the  particle  with  a  certain  velocity  at  a 
certain  time.  Therefore  the  classical  treatment  using  trajectories  to  describe  a  particle’s  motion 
needs  to  be  replaced  by  quantum  mechanic  solutions.  In  addition,  the  quantum  mechanic  polaron 
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cloud  surrounding  the  propagating  pjnde,  which  roccifies  the  particle’s  selfenergy,  may  need  to 
be  considered  as  well.  The  lattei  jrjsie  rppears  to  be  sn  important  consideration  for  low  electric 
fields,  for  which  the  barrier  maxunurr  ies  deep  withm  the  oxide. 
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Figure  Captions: 


Fig.  1.  (a)  Schematic  representation  of  a  BEEM  experiment  on  an  MOS  system,  (b) 
schematic  energy  band  diagram  of  a  charge-free  MOS  structure  under  positive  oxide  bias  Vox. 

Fig.  2.  BEEM  spectra  (Ic  vs  Vj)  for  a  75  A  Si02  layer  for  indicated  positive  oxide  biases 

taken  at  It  =  2  nA. 

Fig.  3.  Observed  threshold  shifts  (solid  circles)  resulting  from  fits  to  the  BEEM  data  of 
Fig.  2,  as  well  as  shifts  deduced  from  classical  image  force  theory  (solid  lines,  corresponding  to 
Sox  =  2.15,  2.74,  3.90  respectively).  Dotted  lines  are  theoretical  results  calculated  by  WKB 
j^ppj.Q^j^jjTiationj  the  three  upmost  lines  correspond  to  £ox  2.15,  2.74,  and  3.90,  the  bottom  line 

was  obtained  without  considering  image  force  effects. 

Fig.  4.  Field  induced  barrier  lowering  obtained  by  the  dielectric  response  model  (eq.  6). 
The  slope  of  the  fit  through  the  numerical  results  (•)  for  the  case  m  =  mo,  corresponds  to  an 
effective  dielectric  constant  Sox  =  2.69.  The  two  dotted  lines  represent  the  optic  (2.15)  and  the 
static  (3.9)  limits  respectively. 

Fig.  5.  The  total  work  and  retarded  work  (electron-phonon  interaction)  obtained  by 
solving  eq.  6  for  an  electron  in  a  model  BEEM  experiment.  Results  for  a  high  field  (12.7 
MV/cm,  solid  line)  and  a  low  field  (1.27  MV/cm,  dashed  line)  are  presented.  Note  the  retarded 
work  is  multiplied  by  factor  -200. 

Fig.  6.  Transmission  probabilities  Tox  calculated  by  Monte  Carlo  methods  for  Vox  =  4.4 
V/0.1  V  with  (triangles/solid  circles)  and  without  (open  circles)  image  force  effects.  Solid  lines 
represent  transmission  probabilities  deduced  from  experimental  data. 
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